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PREFACE 


The  Spacecraft  Environmental  Interactions  Technology  Conference  was- held 
at  the  U.S.  Air  Force  Academy,  Colorado  Springs,  Colorado,  from  October  4 to 
6,  1983.  The  fourth  In  a series  of  conferences  Jointly  sponsored  by  NASA  and 
the  Air  Force,  It  summarized  technology  Investigations  concerning  Interactions 
between  space  systems  and  their  orbital  environments  and  presented  Informatlon- 
for  use  by  designers  of  such  systems.  The  series  forms  a part  of  the  Joint 
NASA/Air  Force  technology  programs  and  provides  a forum  for  researchers, 
technologists,  and  engineers  to  exchange  results  and  Ideas. 

The  conference  was  planned  to  provide  an  overview  of  both  spaceflight  and 
ground  technology  Investigations  directed  toward  understanding  and  controlling 
Interactions  of  space  systems  with  orbital  environments.  It  focus  Included 
Interactions  between  orbital  environments  and  large,  high-power  space  systems. 
Including  the  shuttle,  and  astronaut  extravehicular  activity,  as  well  as  the 
geosynchronous  spacecraft  charging  technology  that  was  the  main  focus  of  the 
earlier  conferences  In  this  series  (In  1976,  1978,  and  1980).  This  shift  and 
expansion  of  focus  reflects  the  changing  areas  of  emphasis  In  the  NASA/Air 
Force  technology  programs  In  the  shuttle  era. 

We  wish  to  thank  Hr.  R.E.  Smylle,  NASA  Headquarters,  and  Col.  B.  Bolton, 
Air  Force  Space  Technology  Center,  for  their  keynote  addresses,,  and  the  mem- 
bers of  the  Conference  Program  Committee,  R.H.  Broussard,  H.B.  Garrett, 

A.  Muelenberg,  R.C,  Sagalyn,  N.J.  Stevens,  and  R..,W.  Bercaw,  for  their  assist- 
ance, Thanks  are  also  due  Ms.  Gwen  Brewer,  01  rector  ate  of  Plans  and  Programs, 
Air  Force  Academy,  who  provided  outstanding  support  at  the  conference.  Includ- 
ing accommodations,  transportation,  meals,  and  facilities  arrangements. 


Carolyn  K.  Purvis 

NASA  Lewis  Research  Center 


Charles  P.  Pike 

U.S.  Air  Force  Geophysics  Laboratory 
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SPACE  STATION  TECHNOLOGY  PLANNING 


R.  E.  Siny He 
NASA  Headquarters 
Washington-,  D.C.  20546 


I am  certainly  pleased  and  honored  by  the  opportunity  to  come  back  and 
speak  again  to  a group  that  has  been  working  together  for  so  many  years  with 
great  benefit  to  spacecraft  technology  and  tn  the  organizations  represented. 
Many  of  you  were  here  In  1976  at  the  first  conference.  Colonel  Brooke  and  I 
spend  a great  deal  of  energy  In  those  days  trying  to  generate  cooperative  pro- 
grams between  NASA  and  the  Air  Force  Laboratory  structure.  This  group  Is  one 
of  the_many  shining  examples  of  success  In  that  area. 

We  both  are  proud  of  what  we  were  able  to  set  In  motion  In  those  years. 
There  already  was  a great  deal  of  Interchange  at  the  Individual  level,  but  It 
did  not  extend-as  far.  as  It  should  have  to  give  the  maximum  benefit  to  both 
organizations.  We  hzve  tried  to  establish  not  Just  cooperative  programs  but  a 
spirit  of  cooperation  among  the  people  Involved  In  technology  programs  all 
along_the  management  chain. 

I am  going  to  speak  for  a few  minutes  about  space  station  technology  and 
what  NASA  Is  pursuing  In  terms  of  a space  station  program.  It  has  long  been 
my  belief  that  a manned  space  station  In  Earth  ortlt  Is  almost  an  Imperative. 

Now  It  Is  not  a matter  of  "If,"  but  a-matter  of  "when"  and  "what  kind"  the 

Initial  station  will  be. 

First,  a few  words  about  the  Space  Station  Technology  Steering  Committee, 
of  which  I am  Chair.  I Joined  this  organization  Just  a few  months  ago.  It  had 
been  chaired  by  Walt  Olstad,  who  had  been  the  Acting  Associate  Administrator  of 
OAST  for  quite  some  time.  He  moved  over  to  be  the  Associate  Administrator  for 
Management.  Walt  made  some  major  contributions  to  the  committee,  and  I am 
pleased  to  follow  In  his  footsteps. 

We  have  In  the  committee  a tremendous  process  by  which  to  generate  Ideas 
and  plans  for  the  technology  we  should  be  pursuing  In  order  to  most  benefit  a 
space  station  program  once  It  Is  begun.  Each  discipline  area  has  a working 
group  that  addresses  the  particular  technology  from  that  discipline  that  would 
enhance  a space  station  program,  either  through  greater  system  performance  or 
through  lower  life-cycle  costs  In  a program  that  would  extend  over  many,  many 
years.  Once  \ie  begin  a space  station  program  we  expect  It  to  continue  Indefin- 
itely. It  ma:*  evolve  - In  fact  It  will  evolve  - over  time,  but  It  will  not 
necessarily  have  a defined  endpoint  such  as  many  of  our  programs,  Including  the 
Apollo  Program  and  the  Skylab  Program,  have  had.  A space  station  program  Is 
something  that  will  continue  Into  the  foreseeable  future. 


The  Centers  have  assigned  their  most  Innovative  and  competent  people  to 
these  working  groups,  so  we  get  very  good  reports  from  them.  Our-  problem 
becomes  one  of  sorting  out,  from  all  af  the  good  Ideas,  the  ones  that  Should 
have  the  highest  priority  - the  ones  we  should  enact  first  In  & space  station 
program  - and  trying  to  combine  them  Into  something  manageable  within  a-budget 
wo  might  expect  to  receive  for  this  project.  The  work- of  the  Steering  Commit 
tee,  then,  Is  to  Interact  with  the  working  groups  and  try  to  prioritize  and 
package  the  technology  programs  so  that  we  can  pursue  them  within  our  allotted 
resources.  We  also  must  generate  the  data  that  will  allow  us  to  advocate  these 
programs  through  the  management,  0MB,  and  Congressional  chains  In  order  to 
acquire  the  resources  to  do  this  important  work. 

in  this  project  there  are  some  great  technological  opportunities  to  bene- 
fit not  only  an  evolutionary  space  station,  but  also  an  initial  space  station. 
Usually  you  think  of  new  technology  as  something  that  gives  you  greater  per- 
formance. In  a space  station  program,  once  you  have  defined  your  requirements, 
you  want  to  meet  those  requirements  at  the  lowest  life-cycle  cost. 

Some  people  argue  that  we  really  do  not  need  new  technology  to  build  a 
space  station.  They  say  that  we  have*  In  effect,  created  the  equivalent  of  a 
space  station  In  Skylab  and  we  have  the  technology  from  the  shuttle  program 
that  will  allow,  us  to  build  a space  station  with  what  we  have  today.  And  that 
Vs  true.  We  could  do  that.  But  It  would  be  a shame  If  we  did  precisely  that. 
If  we  are  able  to  bring  some  areas  of  technology,  particularly  power  and  ther 
mal  to  a state  of  readiness  to  apply  to  the  first  space  station,  that  first 
station  will  actually  be  less  expensive,  both  In  Initial  cost  and  In  life-cycle 
cost.  We  must  verbalise  this  message  and  convey  It  In  such  a way  that  It  Is 
beUeved.  and  we  can  go  ahead  with  It. 

We  Will  most  likely  pursue  the  space  station  program  by  using  a modular 
approach  (fig.  1).  We  believe  that  the  space  shuttle  will  be  the  basis  for 
putting  a manned  base  In  orbit;  therefore  the  station  will  be  built  of  modules 
put  Into  orbit  by  the  shuttle  and  docked  to  form  a core.  Other  modules  will 
be  added  as  the  station  evolves.  There  may  also  be  platforms  of  various  sorts, 
either  In  polar  or  In  low- Inclination  orbit  - probably  both.  These  would  be 
tended  by  the  space  station.  Some  kind  of  transfer  vehicle  will  be  used  to 
move  payloads  from  the  station  to  other  orbits.  A smaller  device,  called  a 
maneuvering  system,  will  allow  servicing  of  co-orbital  platforms. 

Figure  2 shows  the  types  of  equipment  that  may  eventually  be  part  of  the 
space  station.  The  Initial  station  would  be  a core  consisting  of  a power  sys- 
tem with  a few  modules  attached  to  It  for  experimentation  In  Earth  orbit:  a 
co-orbiting  platform  for  experiments  that  require  very  good  stability;  some 
sort  of  maneuvering  system  that  could  tend  the  platform;  and  possibly  a polar- 
orbiting  platform.  The  core  station  would  evolve  Into  something  larger  and 
more  capable  over  approximately  10  to  T5  years,  so  a station  after  this  model 
might  be  possible  about  the  year  2000. 

We  are  being  careful  not  to  produce  a particular  design  before  we  have  had 
a chance  to  do  a significant  amount  of  concept  development  and  Phase  B studies. 
So  this  Is  really  an  artist's  vision  of  what  might  be,  not  any  particular 
design  that  NASA  Is  advocating.  We  try  to  define  program  requirements  and  let 
those  requirements  drive  the  technology,  rather  than  the  other  way  around.  We 
think  that  we  should  be  Involved  In  many  programs  at  once  but  that  there  should 
always  be  at  least  one  program  that  Is  sort  of  a "technology  push."  Within  a 


year  or  so  we  would  like  to  go  Into  Phase  B studies  toward  the  start  of  the 
station  In  a few- years.  Therefore  we  need- to  pin  down  the  requirements  for 
the  station  and  de-Une-the  technology  to  he  pursued. 

The  first  requirement  Is  that  It  be  a permanent  system,,  one  that  you  put 
up  and  expect  to  use  foc-a  long  time.  Thus  we  want  It  to  be  able  to  grow  In 
an  evolutionary  manner.  New  technology  will  come  along  or  requirements  will 
change  from  those  set  Irv  the  first,  years.  It  Is  essential  that  It  can  be  rela- 
tively easily  added  to,  or  changed,  to  Incorporate  products  of  the  new  technol 
ogy.  You  want  operational  flexibility,  because  you  really  do  not  know  right 
at  the  beginning  all  of  the  things  you  are  going,  to  use  It  for.  The  structure 
should  be  as  flexible  as  possible  In  Its  operation;  It  should  be  multiple-use. 

Most  of  the  purposes  that  the  space  station  might  be  designed  to  serve 
require  high  power  across  the  board.  No  concept  of  a space  station  that  I have 
seen  Involves  other  than  relatively  high  power,  In  the  50-  to  75-kW  range. 

Ihat  In  Itself  leads  to  a consideration  of  higher  voltages  than  we  have  been 
accustomed  to  using  In  space,  lhe  thermal  loads  will  be  large  because  of  the 
high  power,  and  they  will  vary  over  an  extremely  wide  margin.  With  a human 
presence,  and  the  Intention  of  using  the  station  for  many  years,  we  will  most 
likely  want  to  go  to  closed  loop.  Extravehicular  actlvtty  Is  going  to  be  very 
Important;  we  are  finding  this  to  be  more  and  more  true  as  time  goes  on. 

All  automated  operations,  the  data  system  and  the  communication  system, 
must  be  very  flexible  and  adaptive.  We  wilt  probably  want  distributed  control 
throughout  the  station  so  that  we  do  not  get  locked  Into  Just  one  way  of  doing 
things.  Propulsion  and  fluid  management,  particularly  cryogenic  flutd  manage- 
ment,  wHl  be-lmportant  drivers  In  the  space  station  design. 

At  OAST,  the  Aeronautics  and  Space  Technology  Program  has  always  had  what 
we  choose  to  call  a generic  technology  program.  It  Is  sort  of  a "technology 
push"  program  where  you  do  things  because  the  state  of  the  technology  Indicates 
that  you  are  able  to  make  certain  advances.  That  program  has  existed  In  OAST 
and  Is  still  there.  They  have  identified  a certain  part  of  that  program  that 
Is  contributory  to  the  kinds  of  things  that  a space  station  might  need.  Beyond 
that,  the  next  step  Is  to  define,  from  the  generic  program,  a focused  technol- 
ogy program  that  would  be  very  specifically  oriented  toward  advancing  technol- 
ogy for  space  station  requirements. 

I have  emphasized  In  the  Steering  Committee  that  the  program  should  have 
as  Its  output  things  that  can  specifically  benefit  a space  station  program  In 
Its  Phase  B as  well  as  Its  Phase  C and  D activities.  That  technology  Is  not 
just  hardware.  It  can  be  analysis  and  simulation;  It  can  be  results  of  labora- 
tory tests,  results  of  activity  In  test  beds,  and  even  experimental  flight 
test  programs. 

The  technology  flows  from  this  focused  program  Into  a number  of  areas,  and 
the  products  that  come  out,  again,  are  not  Just  hardware.  In  fact  hardware  Is 
probably  the  least  Important  thing  that  comes  out  of  the  technology  program. 
Those  things  that  people  and  organizations  are  going  to  need  to  do  this  Job  are 
what  Is  Important.  And  they  need  to  happen  on  a schedule  that  will  fit  Into 
the  overall  plan.  So  we  must  move  forward  quickly. 
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figure  3 * » flow  chart  of  how  technology  might  develop  from  the  require 

merits  of  the_SMfe  station  through  the  focused  program.  There  are  other  ap- 
proaches. ^e  way  Is  to  cut  through  disciplines  and  say  that  you  will  make 
progress  tie  ower,  or  In  thermal,  or  on  attitude  control,  etc.  Another  Is  to 
look  at  something  like  energy  management,  which  Is  a combination  of  thermal  and 
power  and  can  affect  nearly  all  of  the  other  technological  areas.  This  can 
avoir  be  extended  to  structural  technology,  and  to  the  attitude  control  system, 
whtclr  becomes  Important  with  very  large  arrays. 

We  need  to  Integrate  all  of  these  activities  so  that  we  pay  attention  to 
the  most  important  parts  of  the  technology  Involved  (fig.  4).  The  structures 
people  alone,  for  example,  without  understanding  what  the  power  people  need, 
may  not  produce  the  technology  that  best  coincides  with  what  Is  needed  In  the 
power  area.  So  one  activity  of  the  Steering  Committee  Is  to  encourage  this 
type  of  integration. 

All  of  these  Ideas  flow  Into  a sort  of  "bus"  of  technology  (fig.  5)  that 
can  then  go  into  all  areas  of  the  development  of  the  space  station  - deluding 
a very  important  area,  the  evolution  of  the  station  beyond  Its  initial  capa- 
bility, or  a flexibility  over  time.  This  Is  one  of  the  problems  ir  a technol- 
ogy program:  you  can  never  be  exactly  sure  where  the  benefits  ere  >1ng  to 

show  up.  We  are  trying  to  focus  on  the  specific  prodi* 1 . needed  er  a space 
station. 

Now,  just  a short  discussion  of  a particular  activity  that  might  be  of 
Interest  to  this  group.  OAST  Is  planning  fHgnt  research  as  well  as  their 
traditional  ground  based  research.  One  element  of  that  Is  a voltage  operating 
limit  test,  the  VOLT  Program,  for  space  testing  of  photovoltaic  concepts.  A 
number  of  people  here  know  more  about  this  than  1 do,  but  I would  like  to 
mention  It  1 the  context  of  this  conference. 

The  Idea  at  OAST  Is  to  use  the  shuttle  to  conduct  research  In  the  space 
environment  In  a number  of  areas.  In  the  VOLT  series  (fig.  6)  there  will  be 
four  In-flight  experiments  beginning  In  1985,  two  Inside  the  bay  and  two  out- 
side the  bay;  two  are  planar  arrays  and  two  are  concentrator  arrays.  VOLT-1 
and  VOLT-3  use  applied  bias  voltages;  VOLT-2  and  VOLT-4  use  self -generated 
voltages.  So  the  entire  structure  has  some  symmetry  to  It.  These  experiments 
are  needed  to  obtain  data  from  high-voltage  planar  and  concentrator  arrays, 
the  Idea  being  to  produce  design  guidelines  for  large  high-voltage  arrays  In 
low  Earth  orbit,  data  on  the  limits  on  operating  voltage,  a validated  analyti- 
cal tool  for  the  final  designers  of  the  space  station  array,  and  a design 
evaluation  for  these  array  technologies. 

Figure  7 Illustrates  the  technology  flow  for  the  specific  case  of  high- 
voltage  array  design.  Out  of  generic  technology  and  the  focused  program  come 
design  data  for  the  creation  of  the  flight  experiment.  Out  of  the  flight  ex- 
periment come  data  that  benefit  the  space  station,  and  It  feeds  back  from  the 
space  station  Into  the  requirements  area.  One  of  the  beauties  of  the  space 
shuttle  Is  that  as  we  learn,  we  can  repeat  what  we  have  done  before  and  Improve 
on  It.  This  Is  Just  one  example  of  how  a technology  program  can  flow  Into 
flight  testing  and  eventually  result  In  very  specific  products  that  Improve 
other  programs.  In  particular  the  space  station  program. 

I thank  you  for  your  attention.  Again,  thank  you  for  Inviting  me  here. 
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Figure  5_ =— technology  transfer. 


VOLT-1:  1985 

• BIASED  PLANAR 
ARRAY  SEGMENTS 
(±  1000  VOLTS)  - 


VOLT-3: 1988 

• BIASED 
CONCENTRATOR 
ARRAY  SEGMENTS 
(i  1000  VOLTS) 


VOLT-2: 1987 

(EARLY) 


• PLANAR  ARRAY 

• SELF-GENERATED 
VOLTAGES  TO 

~ 500  VOLTS 


VOLT-4: 1987 

(LATEI 


•CONCENTRATOR 

ARRAY 

• SELF  GENERATED 
HIGHER 
VOLTAGES 


Figure  6.  - Voltage  operating  limit  tests. 
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Figure  7.  - High-power,  high-voltage  photovoltaic  array  for  space  station 


MILITARY  SPACE  SYSTEMS'  TECHNOLOGY-  PLAN 


Col.  B.W.  Bolton 

Air  Eoree  Space  Technology  Center 
Ki rt 1 and  Air  Force  Base.  New  Mexico  87117 


I would  like  to  thank  the  sponsors  of  this  conference  for  the  opportunity 
to  talk  to  you  about  the  Space  Technology  Center  and  the  Military  Space 
Systems'  technology  model  and  plan.  I will  speak  briefly  about  where  the  Space 
Technology  Center  fits,  into  the  Air  Force  space  business  structure  and  then  run 
quickly  through  the  model  to  show  you  how  it  works. 

The  Space  Technology  Center  is  a relatively  new  organization,  having  been 
in  existence  just  a little  more  than  a year.  The  Center  is  a continuation  of 
an  Air  Force  process  that  brings  the  Air  Force  laboratories  under  the  control 
of  specific  product  divisions.  In  our  case,  we  are  working  for  Space  Division 
in  Los  Angeles.  Our  Commander,  Bob  Francis,  works  directly  for  General 
McCartney,  the  Commander  of  the  Space  Division,  and  the  Technology  Center  has 
a detachment  in  Los  Angeles.  We  have  a Plans  Directorate;  we  have  a Technology 
Directorate  that  pursues  several  technology  demonstration  programs:  and  our 
Management  Services-people  keep  us  all  on  tracks 

The  Space  Technology  Center  now  has  control  and  responsibility  for  the 
Geophysics  Laboratory,  the  Weapons  Laboratory,  and  the  Rocket  Propulsion 
Laboratory.  The  Center's  mission  is  to  give  focus  to  space  technology  efforts, 
to  ensure  that  technology  needs  are  integrated  with  development  efforts,  and 
to  plan  and  execute  the  non-space-related,  technology  activities  of  these  three 
laboratories  as  well.  We  assess  the  laboratories  in  their  nonspace  activities. 
We  also  function  as  the  Space  Oivision  Commander's  source  of  technical  excel- 
lence in  the  space  technology  area. 

The  Plans  Directorate  is  divided  into  two  divisions:  Plans  and  Analysis, 

the  people  primarily  responsible  for  the  development  and  evolution  of  the 
methodology  used  in  our  technology  planning,  and  Development  and  Applications, 
a group  of  technologists  who  generate  technology  initiatives.  These  initia- 
tives are  new  starts,  new  technology  programs  to  fill  gaps  in  the  technology 
required  to  complete  specific  space  missions. 

The  problem  that  we  face  is  one  that  everyone  should  be  familiar  with, 
and  that  is  the  extremely  long  lead  time  for  the  development  of  specific  space 
capabilities.  The  only  consolation  is  that  the  Soviets  face  about  the  same 
type  of  lead  time  in  developing  their  systems.  Small  consolation,  perhaps,  but 
it  still  highlights  the  need  for  accurate  forecasting  of  technologies.  We  must 
ensure  that  the  technology  base  is  available  when  needed  for  the  development  of 
these  specific  space  systems. 

The  objective  of  the  technology  model  is  to  provide  us  with  a systematic 
process  for  joining  future  technology  needs  to  mission  requirements.  We  stress 
continuity  between  space  missions  and  the  technology  programs  we  pursue.  The 
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model -also  acts  as.  a vehicle  for  communications  between  the  Air  Force-  lalw>ra- 
torles  and  major  air  commands.,  operationaj  commands,.  other  government  agencies, 
and  NASA-  It  is  also  a guide  to  industry  for  IR&D.  The  Technology  Center., 
along  with  the-AlAA,  sponsors-workshops  in  which  a-series  of  technology  panels 
address  all  of  the  technology  categories- contained  within  the  model.  We  have 
recently  acquired  a NASA  field  office  within  the^ Techno logy Center;  that  is 
staffed  by  Mr.  Wayne  Hudson. 

We  take  our  guidance  from  Air  Force  Headquarters,  Space  Division,  Space 
Command,  and  dll  of  the  other  operational  commands  that  generate  requirements 
and  needs  for  space  systems  support.  Our  technical  interfaces  are  with  the 
Space  Division  program  offices,  the  Air  Force  laboratories,  other  DOD  agencies, 
NASA,  and  industry.  All  of  this  goes  into  the  technology  model  as  input,  and 
the  output  is  continually  fed  back  as  technology  for  these. systems  as  we 
produce  our  Space  Technology  Plan.  This  plan  is  our  technology  investment 
strategy  and  supports  the  planning,  programming,  and  budgeting  process. 

The  technology  model  is  divided  into  six. volumes.  The  first  volume  is 
generated  primarily  by  the  Plans  Office  at  Space  Division.  Their  input  comes 
from  Space  Command  and  the  other  operational  commands.  This  planning  group 
develops  the  basic  mission  requirements,  projects  needs,  and  gives  priority  to 
missions.  From  the  material  they  give  us,  we  form  a set  of  preliminary  con- 
cepts. Since  we  are  talking  about  operational  dates  around  the  turn  of  the 
century  in  many  cases,  we  have  to  have  "strawman “"concepts  from  which  we 
extract  technology  requirements-  These  Concepts  are  in  volume  2.  In  volume  3 
we  project  trends  in  technology  so  that  we  might  properly  assess  the  tech- 
nologies of  the  future.  Then  in  volume  4 we  assess  and  study  state-of-the-art 
technology,  the  programs  that  are  in  force  now.  In  volume  5 we  develop  a road- 
map Of  how  a technology  program  would  continue  to  develop  the  technology  base 
required  for  the  specific  concepts  and  missions  considered  and  defined  io 
volumes  1 and  2.  Volume  6 will  set  priorities  and  present  a realistic  plan  for 
the  development  of  technologies  necessary  to  support  primary  space  missions  as 
defined  in  volume  2.  These  will  be  our  technology  investment  recommendations. 

This  analytical  product,  our  prioritized  list  of  technologies,  will  not  be 
an  absolute  guide  in  itself.  It  will  simply  be  a planning  tool  for  the  senior 
headquarters  staff  to  determine  where  best  to  invest  their  technology  dollars. 
Most  likely,  other  outside  considerations  will  be  included*  but  we  feel  that 
the  plan  is  going  to  be  a good  Starting  point  and  a good  yardstick  by  which  to 
make  intelligent  decisions. 

The  technology  plan  aims  to  provide  in  a single  document  a systematic, 
logically  derived  way  of  investing  technology  resources.  We  will  look  at  long- 
term requirements  through  our  projection  of  system  requirements  for  turn-of- 
the-century  initial  operating  capability  (IOC)  dates  for  systems.  It  will 
provide  the  rationale  and  guidance  for  supporting  these  programs,  thus  making 
the  budget  process  more  systematic.  The  model  can  be  used  to  support  specific 
requirements  for  specific  technology  programs.  With  the  model  we  also  maintain 
concurrence  and  synchronization  with  the  Air  Force  and  Systems  Command  space 
plans,  the  Air  Force  Space  Systems'  architecture  study,  and  other  top-level 
guidance  documentation  of  that  nature. 


The  technology  plan  takes  the  input  and  runs  it  through  a prioritization 
process.  Then,  using  a resource  review  program,  we  identify  the  priority  tech- 
nology programs.  The  plan  will  tell  us  something  ahout-the_avai lability  of  the 
technology  base  to  support  certain-space  missions.  - 

The  prioritization  methodology  is  a combi nation- of  subjective  inputs,  a 
modified  Delphi  process,,  some  computer  modeling,  arid-  some  analytical  work  on 
the  different  parameters.  The  plan-input  is  the  group  of  top-level  mission 
requirements  that  come  from  Aic_Eorce  Headquarters  guidance..  First  we  develop 
a set  of  prioritized  missions.  We  attach  importance  levels  to  specific  mis- 
sions and  rank  them.  Then  we  develop  a set  of  mission  requirements  that  sup- 
port those  particular  prioritized  missions.  These  are  also  computerized;  then 
we  sum  the  priorities  of  the  missions  that  each  of  the  requirements  supports 
and  work  them  down  one  more  level  to  the  concepts.  At  this  point,  we  construct 
these  concepts  in  order  to  determine  what  technologies  are  required  to  support 
these  specific  requirements. 

Concepts  then  go  through  a review  that  identifies  the  mission  requirements 
that  each  concept  supports.  At  the  last  level  of  the  plan,  which  is  the  tech- 
nology level,  we  identify  the  priorities  of  the  concepts  supported  by  these 
technology  programs  to  maintain  a logical  flow  throughout  this  entire  scheme, 
which  ultimately  links  technologies  to  specific  missions.  Technologies  that 
support  more  than  one  concept,  or  more  than  one  mission,  get  appropriate 
emphasis  in  the  prioritization  process. 

A major  advantage  of  the  model  is  its  ability  to  incorporate  policy 
changes.  If  there  are  changes  in  the  mission  rankings,  for  instance  if  the 
space  station  were  to  be  adopted  by  the  military  as  a firm  requirement,  we 
could  alter  the  mission  requirements  up  front.  Another  problem  we  are  conr 
cerned  about  is  ballistic  missile  defense.  We  do  not  know  where  to  fit  that  in 
the  model  right  now  because  major  decisions  are  yet  to  be  made  on  the  process. 
But  the  model -process,  the  model  itself,  can  accommodate  these  types  of  change. 

Technology  breakthroughs  are  accounted  for  with  the  model.  We  can  find 
potential  problem  areas  in  this  same  process;  we  can  isolate  concepts  that  are 
affected  by  technology  problems  and  identify  changes  in  performance  and  changes 
in  the  availability  dates  of  these  systems. 

The  schedule  we  are  working  against,  the  end  product,  is  the  publication 
of  volume  6.  Earlier  volumes  are  being  restudied  and  a third  edition  con- 
taining new  mission  requirements  is  in  the  process.  This  project  is  being 
developed  by  Air  Staff,  Space  Command,  and  Space  Division  planning  staff 
through  the  Space  Systems  architecture  study.  Volumes  3 and  4 are  being  up- 
dated with  support  from  the  laboratories  and  the  AIAA  panels.  And  we  are 
working  on  the  methodology  of  volume  6. 

To  conclude,  we  at  the  Space  Technology  Center  believe  that  the  model  is 
a very  orderly,  systematic  way  of  joining  technology  needs  to  specific  space 
missions.  It  supports  top-level  guidance,  the  space  plan  from  Air  Force  and 
Systems  Command.  And  it  is  an  effective  tool  for  communicating  with  the  Air 
Staff  program  element  monitors,  with  the  laboratories,  and  with  industry. 

Volume  6 will  be  the  Air  Force  Space  Technology  Center  Space  Technology  Plan. 

It  will  be  a guide  for  determining  how  we  invest  our  technology  dollars,  and 
it  will  give  the  rationale  for  supporting  programs  in  the  program  objective 
memorandum  (POM)  process. 
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SUPRATHERMAL  PLASMA  OBSERVED  ON  SIS-3  MISSION  BY  PLASMA  DIAGNOSTICS  PACKAGE* 


W.  Paterson,  L.  A.  Frank,  H.  Owens , 
J.  S.  Pickett,  and  G.  B-  Murphy 
University  of  Iowa 
Iowa-City,  Iowa  52242 — 

S.  D.  Shawhan 
NASA  Headquarters 
Washington,  D.G.  20546 


Artificially  produced  electron  beams  have  been  used  extensively  during  the 
past  decade  as  a means  of  probing  the  magnetosphere  (ref,  1),  and  more  recently  as 
a means  of  actively  controlling  spacecraft  potential  (ref.  2).  Experimentation  in— 
these  areas  has  proven  valuable,  yet  at  times  confusing,  due  to  the  interaction  of 
the  electron  beam  with  the  ambient  plasma.  The  0SS-1/STS-3  Mission  in  March  1982 
provided- a unique  opportunity  to  study  beam-plasma  interactions  at  an  altitude  of 
240  km.  On  board  for  this  mission  was  a Fast  Pulse  Electron  Generator  (FPEG), 
which  served  as  part  of  Utah  State  University's  Vehicle  Charging,  and  Potential  ex- 
periment. Measurements  made  by  the  Plasma  Diagnostics  Package  (PDP)  while  extended 
on  the  Orbiter  RMS  show  modifications  of  the  ion  and  electron  energy  distributions 
during  electron  beam  injeetion.— 

In  this  paper,  some  of  the  observations  made  by  charged  particle  detectors  are 
discussed  and  related  to  measurements  of  Orbiter  potential.  The  paper  is  divided 
into  three  sections.  A brief  description  of  several  of  the  PDP  instruments  appears 
first,  followed  by  a section  describing  the  joint  PDP/FPEG  experiment.  The  third 
section  consists  of  observations  made  during  electron  beam  injection. 


INSTRUMENTATION 

The  PDP  carries  a wide  range  of  instruments  for  the  measurement  of  pressure, 
waves,  fields,  and  particles.  A discussion  of  these  instruments  and  some  of  the 
preliminary  results  of  the  mission  can  be  found  in  Shawhan  et  al.  (ref.  3).  Of  in- 
terest for  this  discussion  are  the  charged  particle  detectors,  and  to  a lesser  ex~ 
tent,  Instruments  used  to  measure  electric  potential  and  the  geomagnetic  field  in 
the  vicinity  of  the  Orbiter. 

The  Low  Energy  Proton  and  Electron  Differential  Energy  Analyzer  (LEPEDEA)  is  a 
curved  plate  detector  capable  of  detecting  ions  and  electrons  with  energies  between 
2 eV  and  36  keV.  It  is  nearly  identical  to  instruments  flown  on  ISEE-1  and  ISEE-2. 
The  energy  resolution  of  LEPEDEA  is  AE/E  ■ 0.16,  and  1.6  sec.  is  required  for  a 
complete  energy  scan.  The  LEPEDEA  fields  of  view  are  shown  in  figure  1.  The  seven 
detectors  are  sampled  simultaneously  and  together  have  a field  of  view  of  6 degrees 
by  162  degrees. 

*This  work  is  supported  by  NASA/Lewis  Research  Grant  No.  NAG3-449 
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An- electron  fluxmeter  is  also  Included  in  the  PDP  for  detection  of  electrons*- 
Tnia  instrument  samples  the  electron  flux  independent  of  energy  ten  times  per  sec- 
ond-. The  fluxmeter  is  directed  opposite  to  the  LEPEDEA.-  It  lias  a Wide  field  of 
view  with  low-angular  resolution. 

Electric  fields  were  measured  by  two  20  cm  spherical  probes  separated  by  1.6m.- 
The  average  potential  between  these  spheres  was- measured  relative  to  Or biter  ground 
with  a range  of  £8.2v.  When  the  PDF  was  extended  otv  the  RMS,  this  potent ial—was  a 
measure  of  the  plasma  potential  in  vicinity  of  the  PDP. 

A triaxlal  fluxgate  magnetometer  was  used  to  measure  magnetic  fields.  The 
magnetometer  sampled  the  magnetic  field— 10-times  each  second,  along  each  of  its 
3 axes  with  a resolution  of  £12  ragauss. 


THE  JOINT-  PDP/EBEG  EXPERIMENT 


Joint  operations  between  the  PDP  and-  the  FPEG  were  conducted  while  the  Orbiter 
was  in  a nose-to-sun  attitude  with  a roll  rate  of  twice  per  orbit  (see  figure  2). 
For  the  experiment  discussed  in- this  paper,  the  FPEG  emitted  a 50-mA,  1-keV,  unmod- 
ulated electron  beam.  A total  of  eleven  emissions  occurred  under  both  daytime  and 
nighttime  conditions  and  at  various  injection  pitch  angles-  with  each  emission  ap- 
proximately fifteen  minutes  in  duration.  During  these  injections,  the  PDP  was  de- 
ployed on  the  Orbiter  RMS  and  moved  about  the  Orbiter  in-an  effort  to  locate  the 
beam. 


The  primary  instrument  for  location  of  the  beam  was  an.  electron  fluxmeter  lo- 
cated on  the  opposite  side  of  the  PDP  from  the  LEPEDEA.  During  the  search  for  the 
beam,  the  fluxmeter  was  pointed  downward  toward  the  FPEG  aperture  in  the  Orbiter 
bay  which  left  the  LEPEDEA  looking  away  from  the  electron  beam.  Because  of  this 
orientation,  the  LEPEDEA  did  not  detect  primary  beam  electrons.  At  times,  however, 
the  PDP  was  rotated  through  90  degrees  about  its  spin  axis  (see  figure  1)  which  al^ 
lowed  the  LEPEDEA  to  view  a range  of  particle  pitch  angles  including  primary 
particles. 


OBSERVATIONS 


Because  of  changing  Orbiter  attitude  (twice  per  orbit  roll  rate)  and  varia- 
tions in  the  geomagnetic  field  over  the  course  of  an  orbit,  a wide  range  of  injec- 
tion pitch  angles  were  observed.  Calculations  by  J.  Sojka  of  Utah  State  University 
show  that  for  injection  pitch  angles  greater  than  about  60  degrees  (depending  on 
the  precise  beam-orbiter  orientation),  the  beam  intercepted  the  Orbiter  surface. 

At  angles  less  than  this  the  beam  escaped.  Qualitative  analysis  of  charged  parti- 
cle and  potential  measurements  made  by  the  PDP  support  this  analysis. 

Ambient  electrons  (photoelectrons)  were  detected  with  energies  up  to  about 
80  eV  during  the  day  and  10  eV  at  night,  while  ions  were  seen  at  energies  princi- 
pally below  10  eV  during  both  day  and  night.  During  beam  injection  at  angles  less 
than  30  degrees,  intense  fluxes  of  electrons  were  detected  at  energies  up  to  the 
primary  beam  energy  of  1 keV.  Virtually  no  ions  were  seen  at  these  times.  En- 
hanced electron  fluxes  were  observed  at  all  points  accessible  to  the  PDP.  However, 
due  to  the  limited  reach  of  the  RMS,  no  measurements  were  mad*  at  distances  greater 
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than  7m  from  the  beam-.  For  beam -Injection,  at  angles  greater  than  60  degrees,  the 
measured  ion  and  electron  fluxes  often  resembled  the flux  seen  with  the  beam  off. 

Measurements  of  Orbiter  potential  during  small  angle  injection- also  differed- 
from  the  ambient  case..  When  the  beam  was-  off,  the  Orbiter  potential  relative  to 
the  nearby  plasma -remained.  < *8.2v  consistent  with  V * B • b (ref.  3).  When  the 
beam  was  injected  at  less  than  30  degrees,  the  potential  was  offscale  and  positive, 
and  dropped  below  the  maximum  measurable  value  of  8.2v  only  at  the  maximum  distance 
from  the  beam  of  7m.  Potentials  during  large  angle  Injections—werc  generally  near- 
er to  those  measured  with  the  beam  off. 

The  observations  tend  to  support  the  claim  that  the  beam  did  escape  from  the 
near  vicinity  ox  the  Orbiter  for  small  angle  injection,  but  did  not  at  larger  an- 
gles. The  enhanced-  electron  flux  and  elevated  potential  associated  with  small  an- 
gle Injection  may  be  due  to  escape  of  the  beam.  If  this-  Is  so,  the  large  angle 
conditions  which  were  so  similar  to  ambient-  conditions  could  be  due  to  the  electron 
beam  impacting  the  Orbiter  rather  than  escaping.  In  this  case,  almost  all  of  the 
beam  current  Is  collected  so  that  the  disturbance  is  localized  and  the  Orbiter  does 
not  need  to  charge. 

Figure  3 shows  the  measured  flux  during  one  of  these  rotations  which  took 
place  at  a distance  of  7m  from  the  center  of  the  beam.  Since  this  distance  is 
roughly  twice  the  gyroradius  of  a 1 keV  electron  travelling  perpendicular  to  the 
magnetic  field,  these  measurements  must  be  of  electrons  outside  of  the  primary 
beam.  The  angles  shown  in  figure  3 are  the  pitch  angles  of  electrons  as  they  were 
detected  by  the  LEPEDGA.  Angles  greater  than  90  degrees  correspond  to  electrons 
travelling  down  the  field  lines  from -the  direction-  in  which  the  beam  was  injected. 
Angles  less  than  90  degrees  indicate  electrons  moving  up  the  field  In-  the  same  di- 
rection as  the  outgoing  beam.  Although  pitch  angles  less  than  30  degrees  and 
greater  than  140  degrees  were  not  sampled,  this  figure  seems  to  show  a net  return 
of  electrons  along  the  field  lines  from  the  direction  in  which  the  beam  was  in- 
jected indicating  that  more  current  returns  from  the  upper  hemisphere  during  up- 
wards injection  than  from  the  lower. 

Based  on  this  preliminary  analysis  of  measurements  made  during  electron  beam 
emission,  it  appears  that  the  electron  beam  did  escape  from  the  Orbiter.  These  es- 
capes induced  positive  Orbiter  potentials,  and  were  associated  with  enhanced  fluxes 
of  electrons.  During  escape  of  the  beam,  there  is  evidence  that  there  was  a net 
flow  of  electrons  along  the  magnetic  field  from  the  direction  in  which  the  beam  was 
injected. 
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Figure  i.  - LEPEUEA  fields  of  view. 


NP 


Figure  2.  - STS-3  orbit  attitude,  March  24,  1982  - nose  to  Sun  with  twice  per 
orbit  roll  rate. 
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In.  the  Vehicle  Charging  and  Potential  experiment  on  the  STS-3  mission,  a pulsed 
electron  gun  was  Used  to  eject  known  charges  and  currents  from  the  Shuttle  Orbiter, 
and  the  resulting  perturbations  of  the  surface  charge  and  current  densities  were  studied 
with  appropriate  instruments.  An  ejected  current  of  100  mA,  if  maintained  for  a time 
sufficiently  long  for  equilibrium,  to  be  established,  could  change  the  vehicle  potential 
by  50  V or  more  when  the  ambient  plasma  density  was  low.  In  general,  the  observed 
perturbations  could  be  ordered  qualitatively  in  terms  of  the  plasma  density  and  of  the 
attitude  of  the  shuttle  relative  to  its  orbital  Velocity  vector. 

l.  Introduction 

The  Vehicle  Charging  and  Potential  (VCAP)  experiment  flown  on  the  STS-3  mission 
was  designed  to  study  the  electrical  interaction  of  the  shuttle  orbiter  with  the  low  earth 
orbit  environment.  The  interaction  of  a large,  orbiting  body  with  the  low  earth  space 
environment  is  not  well  known.  With  the  initiation  of  an  operational  era  in  space,  it  is 
necessary  that  we  understand  (1)  the  perturbations  produced  by  the  orbiter  as  it  moves 
through  the  near  earth  environment,  (2)  the  environment  as  provided  to  instrumentation 
operating  in  the  payload  bay  of  the  orbiter  and  (3)  the  effects  that  the  environment  exerts 
upon  the  orbiter  itself.  Future  missions  which  depend  upon  knowledge  of  the  electrical 
interaction  of  the  orbiter  with  the  space  environment  include  those  with  high  power 
charged  particle  beam  experiments  and  others  with  long  antennas  operating  at  high 
voltages  in  the  VLF  frequency  range.  ALo,  when  operations  begin  with  orbit  inclinations 
above  about  50  degrees,  large  fluxes  of  energetic  electrons  (and  protons)  will  bombard 
the  orbiter  when  the  vehicle  is  at  high  magnetic  latitudes.  In  the  past,  satellites  have 

*This  work  was  conducted  under  NASA  contract  NAS5-24455  at  Utah  State  University 
and  Stanford  University  and  by  NASA  grant  NAGW  235  at  Stanford  University. 
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been  adversely  affected  by  electrical  discharges  induced  by  energetic  particle  bombard- 
ment and  these  problems  present  similar  concerns  for.  the  dielectric^covered-orbiter.  The_ 
VCAP  experiment  on.STS-3  was.designed.to  study  the  interactions  between  the  orbiter 
and  the  environment  which  are  of  importance  to  understanding  these -problems. 

2.  Instrumentation 

An  electron  gun  with  fast  pulse  capability  was  used  in  the  VCAP  experiment  to 
actively  perturb  the  vehicle  potential  in  order  to  study  dielectric  charging,  return  current 
mechanisms  and  the  techniques  required  to  manage  the  electrical  charging  of  the  orbiter. 
Return  currents  and  charging  of  the  dielectrics  were  measured  during  electron  beam 
emission,  and  plasma  characteristics  in  the  payload  bay  were  determined  in  the  absence 
of  electron  beam  emission. 

The  VCAP  instrumentation  as  flown  on  the  OSS-1  pallet  during  STS-3  includes  five 
separate  pieces  of  hardware: 

1.  Fast  Pulse  Electron  Generator  (FPEG)  - The  FPEG  consists  of  two  independent 

electron  guns  which  are  of  the  diode  configuration  with  a directly  heated  tungsten 
filament  and  a tantalum  anode.  The  two  guns,  designated  as  FPEG  1 and  FPEG 
2,  emit  electrons  with  an  energy  of  1000  eV  at  currents  of  100  m/Vand.50  mA. 
respectively.  The  electron  beams  are  collimated  to  a beam  width  of  about  5 degrees 
by  focus  coils  mounted  just  beyond  the  anodes.  Each  gun  is  controlled  by  a 37-bit 
serial  command  word  which  selects  the  gun  to  be  used,  controls  filament  and  high 
voltage  power  supplies,  and  determines  the  on  time,  off  time  and  number  of  pulses  of 
the  beam.  The  times  are  controllable  in  32  logarithmic  steps  from  600  nanoseconds 
to  107  seconds  and  the  number  of  pulses  is  controllable  in  powers  of  two  from  1 to 
32,768.  The  rise  and  fall  times  for  the  electron  beam  are  100  nanoseconds  so  that 
very  short  pulses  (and  therefore  small  increments  of  charge)  can  be  emitted 

2.  Charge  Current  Probes  (CCP1  and  CCP2)  - Each  Charge  Current  Probe  (CCP)  con- 
sists of  two  adjacent  sensors  — one  metallic  and  one  dielectric  — as  shown  in  figure 
1.  The  current  flowing  to  the  metallic  sensor  is  used  as  an  indication  of  the  return 
current  to  exposed  metal  surfaces  on  the  orbiter.  The  dielectric  sensor  provides  a 
measurement  of  the  charge  accumulation  on  the  dielectric-covered  surfaces  of  the 
orbiter;  the  material  used  for  the  charge  probe  dielectric  is  from  the  same  batch  of 
Flexible  Reusable  Surface  Insulation  (FRSI)  that  was  used  on  the  Columbia  (OV- 
102)  and  covers  the  payload  bay  doors  and  upper  wing  surfaces  (fig.  2).  Both  of  the 
CCP  sensors  respond  rapidly  to  changes  in  the  orbiter  potential.  Measurement  rates 
were  set  at  60  samples  per  second  but  peak  hold  measurements  of  both  current  and 
charge  were  made  which  allowed  spikes  longer  than  100  nanoseconds  to  be  captured. 


Figure  1.  VCAP 
involved  two 


charge  probe  (left)  and  current  probe  (right).  The  experiment 
such  units.,  one  on  each  side  of  the  payload  bay. 


Figure  2. 
Orbiter. 
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ORB I TER  FRSI 


The  Charge  Probe  measures  directly  the  charging  of  a metal  plate  covered  by  a piece 
of  FRSI.  Sincethis  is  the  same  material  as  covers  the  payload  bay  doors  and  upper 
wing  surfaces,  we  assume  that  measurements  made  on  the  FRSI  in  the  payload  bay  are 
indicative  of  the  behavior  of  this  same  material  on  the  orbiter.  The  metal  plate  is  con- 
nected to  the  input  of  a charge  amplifier  (fig.  3).  When  the  vehicle  potential  changes,  so 
does  the  charge  induced  on  the  metal  plate:  the  charge  increment  is  equal  to  the.change 
in  potential  multiplied  by  the  capacity  between  the  plate  and  the  ambient  plasma.  The 
charge  amplifier  converts  this  increment  to  a voltage.  Assuming  a theoretical  value  for 
the  capacity,  the  change  in  vehicle  potential  can  be  calculated  by  scaling  the  output 
voltage  appropriately.  This  is  shown  from  the  CCP  measurement  of  vehicle  potential. 
However,  two  reservations  should  be  made  with  regard  to  these  data:  firstly,  the  probe 
can  only  measure  changes  in  the  vehicle  potential,  and  not  its  absolute  value;  secondly, 
the  actual  capacity  of  the  probe  depends  on  the  state  of  the  ambient  plasma  so  it  may 
depart  significantly  from  the  assumed  value.  Hence,  although  the  charge  increments  are 
measured  precisely,  the  inferred  changes  in  vehicle  potential  are  only  approximate,  and 
may  differ  for  two  Charge  Probes  mounted  at  different  places  on  the  same  spacecraft. 

On  STS-3,  two  sets  of  the  CCP  (designated  CCPl  and  CCP2)  were  used  with  CCPl 
mounted  adjacent  to  the  FPEG  and  CCP2  mounted  on  the  opposite  corner  of  the  pallet 
as  far  away  from  the  FPEG  as  possible.  These  probes  provide  measurements  of  vehicle 
potential  changes  and  return  currents  induced  by  operation  of  the  FPEG  with  high  time 
resolution  at  voltages  up  to  1000  volts  and  currents  up  to  4 rnA. 

3.  Spherical  Retarding  Potential  Analyzer  (SRPA)  - The  Spherical  Retarding  Potential 
Analyzer  measures  the  density  and  energy  of  ions  and  provides  an  absolute  value 
for  the  vehicle  potential  as  well  as  a measurement  of  the  plasma  environment  in 
the  payload  bay.  The  SRPA  has  a 19  cm  diameter  spherical  collector  surrounded 
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by  a 20  cm  diameter  spherical,  grid.  The  biasing. voltages  applied  to  these  electrodes 
result  in  the  eollection-of  positive  ions- by  the  collector.  In.  the  frame  of  reference  of 
the  orbiter  the  dominant  ambient  ion.O+  will  have  a drift  energy  of  approximately 
5 eY,  This  energy  is  related  .to  the  orbiter  velocity,  which  is  well  known,  so  any 
deviation  of  the  0+  drift  energy  from  the  expected,  value  gives  a measure  of  the 
electrical  potential  of  the  orbiter  structure  relative  to  the  ionosphere.  A Langmuir 
probe  is  attached  to  the  SRPA.  This  probe  is  asmall,  spherical  probe  which  measures 
the  density  and  temperature  of  electrons  and  provides  a cross  check  on  the  vehicle 
potential.  The  SRPA/Langmuir  probe  instrument  is  mounted  on  a corner  of  the 
pallet  as  far  from  other  surfaces  as  possible  to  give  the  best  opportunity  to  acquire 
data  uncontaminated  by  wake  effects. 

4.  Digital  Control  Interface  Unit  (DCIU)  - The  Digital  Control  Interface  Unit  provided 
all  signal,  command  and  power  interfaces  between  the  VCAP  instrument  and  the 
pallet.  Power  switching  and  command  decoding  were  done  in  the  DCIU.  Three 
microprocessors  {1802  type)  were  used  in  the  DCIU.  The  control  microprocessor 
stored  sequences  of  time-tagged. serial  commands  in  both  ROM  and  RAM.  These 
sequences  of  commands  could  be  initiated  in  response  to  a single  command  sent  from 
a source  external  to  the  DCIU  and  perform  a series  of  operations  such  as  FPEG 
pulsing,  gain  changing  and  resets.  A second  .microprocessor  was  used  to  control  the 
offset  oLthe  SRPA  sweep  voltage.  The  third  microprocessor  was. used  to  monitor 
temperatures,  voltages  and  currents  and  to  set  out  of  limit  dags  passed  as  bi-level 
signals  to  the  orbiter  GPC  for  display  and  alarm  signaling. 

3.  Measurements 

Passive  and  active  operations  were  performed  during  OSS-1.  The  SRPA  and  CCP’s 
were  operating  throughout  the  mission  and  data  obtained  when  the  electron  gun  was 
not  being  operated  determine  the  characteristics  of  the  orbiter  and  the  payload  bay 
environment  in  the  absence  of  perturbations  from  active  experiments. 

The  electromagnetic  interference  (emi)  levels  during  the  mission  were  the  lowest 
experienced  during  the  project  and  Were  unmeasurably  low  on  orbit.  The  thrusters 
produced  disturbances  which  were  variable  in  character  and  magnitude.  Strong  ram/wake 
effects  were  seen  in  the  ion  densities  in  the  payload  bay.  Measurements  of  the  vehicle 
potential  offset  indicate  that  the  main  engine  nozzles  provide  a reference  potential 
to  the  ionospheric  plasma  surrounding  the  vehicle.  Because  the  orbiter  is  97%  covered 
with  dielectric  materials,  the  main  engine  nozzles  provide  the  primary  contact  bet- 
ween the  orbiter  metallic  structure  and  the  plasma.  Vehicle  potentials  were  variable 
with  respect  to  the  plasma  and  depended  upon  location  on  the  vehicle  relative  to 
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Sequence  of  electron  current  pulses  emitted  by  the  Fast  Pulse 
Generator. 


the  main  engine  nozzles,  the  vehicle  attitude  and  the  direction  of  the  geomagnetic 
field;  their  variations  ate  consistent  with  the  expected  effects  of  the  V X B electric  field. 

Active  experiments  were  performed  by  emitting  a series  of  electron  beam  pulses,  as 
illustrated  in  figure  4-  for  instance.  Inside  each  of  the  positive-going  pulses  shown  in 
this  figure  there  are  16  narrower  rectangular  pulses  of  100  mA  peak  current,  increasing 
in  width  from  each  group  of  16  to  the  next.  Thus  the  amplitude  of  the  wider  pulses, 
which  is  equal  to  the  average  of  the  current  over  the  repetition  period  of  the  narrower 
pulses,  increases  throughout  the  sequence.  The  wider  pulses  are  arranged  in  groups  of 
three,  and  between  each  group  and  the  next  the  Charge  Probes  are  reset  to  zero  so  as 
to  eliminate  long-term  drift. 

Data  taken  during  one  such  sequence,  designed  to  study  vehicle  charging  and  return 
current  mechanisms  and  labeled  Charge  Current  (CC),  are  shown  in  figure  5;  see  table 
1 for  the  meanings  of  the  symbols.  The  sequence  begins  with  one  microsecond  pulses 
(which  show  no  measurable  perturbation).  When  the  pulse  widths  are  increased  to  more 
than  a millisecond  in  duration,  significant  charging  of  the  orbiter  occurs  with  induced 
potentials  of  tens  of  volts.  The  potentials  measured  close  to  the  FPEG  are  higher  than 
those  on  the  far  side  of  the  pallet  and  may  indicate  that  a sheath  developed  around 
the  vehicle.  The  currents  at  the  two  locations  (CCP1  and  CCP2)  are  also  different,  with 
the  larger  current  near  the  electron  gun  as  might  be  expected  since  the  beam  produces 
locally  enhanced  ionization  levels. 
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Figure  5.  - Representative  charge  current  sequence  (1132  GMT  on  25  March  1982). 
In  data  from  SRPA  (graph  labeled  IP),  no  ion  current  is  observed  until  about 
34  s after  start  of  pulse  sequence:  rectangular  waveform  seen  at  earlier 

times  is  due  to  automatic  switching  of  electronics  between  two  ranges  with 
different  sensitivities. 


In  a higher  time  resolution  plot  of  a portion  of  the  same  CC  sequence  (not  shown) 
it  appears  that  the  measured  currents  recover  to  their  normal  non-emission  levels  in 
the  short  time  between  pulses,  but  the  charge  on  the  dielectric  is  retained  and  decays 
much  more  slowly.  Time  constants  for  the  vehicle  potential  (or  dielectric  charging)  to 
return  to  non-emission  levels  vary  from  less  than  one  second  up  to  minutes.  Thus,  in 
the  two  lowermost  graphs  of  fig.  5,  more  marked  fluctuations  appear  on  the  later  groups 
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of  pulses  than  on  the  earlier  groups;  this  difference  is- probably  due  to  the  reduction  in_ 
the-time  constant  as  the. vehicle  potential  increases. 

One  of  the  most  distinctive  features  of  the-STS-3  flight  results  is  the-variety  in  the 
measurements  of  charging jmd  return  current.  Virtually  any  combination  -of  results  can 
be  found  in  the  52  Charge  Current  sequences  that  were  performed  during  this  mission. 
In  some  cases  the  charging  is  negligible,  in  other  cases  charging  is  significant  and  more 
than  50  volts  for  the  same  sequence.  Return  currents  can  be  small  or  large  and  either  the 
same  on  both  probes  or  with  either  one  large  and  the  other  negligible.  In  the  following 
series  of  figures  we  show  examples  of  this  panoply  of  measurements. 

Figure  6 shows  some  data  taken  during  local  daytime,  with  the  nose  of  the  shuttle 
pointing  towards  the  sun  and  with  the  instruments  looking  into  the  wake.  The  latter 
circumstance  explains  the  low  charging  currents  and  also  the  failure  of  the  Langmuir 
probe  to  measure  an  electron  current.  The  fact  that  the  SRPA  nevertheless  measured  a 
substantial  ion  current  is  unexplained.  On  this  occasion,  operation  of  the  electron  gun 
led  to  large  positive  excursions  of  the  vehicle  potential. 

The  data  shown  in  figure  7 were  also  acquired  in  the  daytime,  with  the  shuttle  in 
the  same  attitude  relative  to  the  sun  but  in  a different  attitude  relative  to  the  orbital 
velocity  vector.  The  instruments,  though  still  somewhat  in  the  wake,  were-less  well 
shielded  from  the  plasma  than  on  the  occasion  represented  in  figure  6.  The  attitude  was 
such  that  the  main,  engine  nozzles  were  pointed-  more  or  less  along  the  orbit,  i.e.,  in  the 
ram  direction.  Hence,  the  vehicle  was  in  better  electrical  contact  with  the  plasma,  which 
explains  why  its  potential  was  relatively  unaffected  by  the  gun  operations. 

In  the  data  of  figure  8,  the  electron  and  ion  currents  are  comparable  with  those  noted 
in  figure  7.  No  attitude  data  are  available  for  this  case  at  the  time  of  writing,  but  since 
the  vehicle  potential  did  not  vary  much,  again  there  must  have  been  good  contact  with 
the  plasma.  Even  during  the  most  intense  FPEG  emissions,  neither  of  the  current  probes 
registers  much  current,  which  means  that  the  return  current  must  have  been  flowing 
elsewhere. 

Figure  9,  like  figure  7,  presents  data  acquired  during  the  day  with  the  shuttle  in  the 
nose-to-sun  attitude  and  with  the  instruments  partly  in  the  wake.  The  electron  and 
ion  densities  are  greater  this  time,  however.  The  changes  in  vehicle  potential  are  even 
less  than  in  the  case  of  figure  8,  but  contrariwise  the  current  probes  both  register  large 
currents;  their  data  are  unusual  in  that  the  probe  further  from  the  FPEG  collects  the 
larger  current. 

The  data  of  the  final  figure  10  show  large  electron  and  ion  densitities,  with  the  output 
from  the  ion  probe  even  going  off  scale.  The  sizeable  current  on  CD2  during  the  period 


from  -30  s to  0 s suggests  that  this  current  probe  was  then  facing  towards  the  ram 
direction;  the  drop  in  current-at  0 s may  be  due  to  the  probe  .taving  been  taken  out  of 
this  orientation,  by  vehicle-roll.  The  FPEG  pulse  sequence  had  almost  no  effect  on  any 
of  the  six  instruments  in  the  VCAP  package. 

Figures  6- 10  have  been  presented  in  the  order  of  increasing  ambient  plasma  density, 
at  least  as  indicated  by  the  Langmuir  probe  and-the  SIIPA.  Qualitatively,  increased 
density  leads  to  greater  stability  of  the  vehicle  potential,  as  one  would  expect, 

Although,  as  mentioned  earlier,  the  52  recorded  Charge  Current  sequences  show  a 
wide  variety  of  behavior,  this  proves  to  be  reproducible  if  the  sequences  are  ordered  in 
terms  of  two  parameters,  namely  the  plasma-density  and  the  attitude  of  the  shuttle 
relative  to  its  orbital  velocity  vector.  For  a given  density  and  attitude,  qualitatively 
similar  behavior  has  been  observed  on  different  occasions.  Other  parameters,  such  as  the 
attitude  relative  to  the  earth’s  magnetic  field  and  the  presence  or  absence  of  sunlight, 
are  less  influential  but  not_neglible. 


4.  Conclusions 


The  VCAP  experiment  on  STS-3  has  shown  that  active,  controlled  experiments  on 
shuttle  charging  can  be  successfully  performed  from  the  payload  bay  of  the  orbiter. 
Electron  beams  have  been  used  to  perform  a series  of  experiments  to  study  the  electri- 
cal interaction  of  the  orbiter  with  the  surrounding  environment  and  the  environment 
provided  to  the  payload.  A preliminary  analysis  of  the  data  has  shown  that,  qualita- 
tively, they  are  reproducible  and  understandable,  which  strengthens  our  confidence  that 
it  will  be  possible  to  model  them  quantitatively  in  the  long  run. 


Table  1- 

lo  each  of  the  figures  5-10,  the  following  quantities  are  plotted  as  the  ordinates  of 
the  six  graphs  (from  top  to  bottom): 


LP 

IP 

CD2 


cm 

QD2 


qm 


Langmuir  Probe.  Current  on- a logarithmic  scale. 

Ion  Probe  (Spherical  Retarding  Potential  Analyzer).  Current  oti  a 
logarithmic  seale. 

Current  Probe  on  the  starboard  side  of  the  payload  bay.  Current 
(/iA)  on  a linear  scale.  Increased  current  corresponds  to  increased 
electron  collection. 

Current  Probe  on  the  port  side  of  the  payload  bay.  Current  (/iA) 
on  a linear  scale. 

Charge  Probe  on  the  starboard  side.  Voltage  on  a linear  seale. 
Increased  voltage  corresponds  to  the  vehicle  becoming  more  posi- 
tive with  respect  to  the  plasma. 

Charge  Probe  on  the  port  side.  Voltage  on  a linear  scale. 


Note:  The  instruments  on  the  port  side  of  the  payload  are  close  to  the  Fast  Pulse 
Fleet  roll  Generator 
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CHARGE  CURRENT  SEQUENCE 
BEGINNING  A!  8S/0707s  43 


VC  flP 

OSS-l/STS-3 

LAUNCH  MARCH  22.  1982 


-30  0 30  60  90  120  150 

SECONDS  SINCE  START  OF  SEQUENCE 


Figure  6.  - Charge  current  sequence  (0707  GMT  on  26  March  1982). 
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CHARGE  CURRENT  SEQUENCE 
QE&4NNING  AT  05/0107:32 
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Figure  8.  - Charge  current  sequence  (0107  GMT  on  26  March  1082). 


30 


rA 


VCftP 


SECONDS  SINCE  START  OF  SEQUENCE 

Figure  10.  - Charge  current  sequence  (0609  GMT  on  27  March  1982). 
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The  third  Space  Shuttle  flight  on  Columbia  carried  instrumentation  to  measure 
thermal  plasma  density  and  temperature.  Two  separate  investigations,  the  Plasma 
Diagnostics  Package  (PDP)  and  the  Vehicle  Charging  and  Potential  Experiment  (VCAP), 
carried  a Langmuir  Probe,  and  the  VCAP  also  included  a Spherical  Retarding  Poten- 
tial Analyzer  (SRPA).  The  Langmuir  Probe  on  the  PDP  made  measurements  while  the 
PDP  was  attached  to  the  pallet  in  the  Orbiter  bay  and  while  the  PDP  was  articulated 
by  the  RMS.  Only  those  measurements  made  while  the  PDP  is  in  the  payload  bay  are 
discussed  here  since  the  VCAP  instrumentation  remains  in  the  payload  bay  at  all 
times  and  the  two  measurements  are  compared. 

Figure  1 illustrates  the  location  of  the  PDP  and  VCAP  instrumentation  on  the 
science  payload  pallet. 

The  principle  thrust  of  this  paper  is  to  discuss  the  wake  behind  a large 
structure  (in  this  case  the  Space  Shuttle  Orbiter)  flying  through  the  ionospheric 
plasma.  Much  theoretical  work  has  been  done  regarding  plasma  wakes  (ref.  1)  and  to 
a certain  extent  laboratory  plasmas  have  provided  an  experimental  and  measurement 
basis  set  for  this  theory.  The  instrumentation  on  this  mission  gives  the  first  da- 
ta laken  with  a large  vehicle  in  the  ionospheric  laboratory. 

First,  the  PDP  Langmuir  Probe  and  its  data  set  will  be  presented,  then  the 
VCAP  Langmuir  Probe  and  SRPA  with  associated  data.  A discussion  of  agreement  be- 
tween the  two  data  sets  is  then  followed  by  some  other  PDP  data  which  Infers  an 
even  lower  wake  density. 

Lastly,  conclusions,  caveats  and  a description  of  future  work  which  will  fur- 
ther advance  the  measurement  techniques  and  data  set  are  put  forth. 


PDP  LANGMUIR  PROBE  RESULTS 


The  PDP  Langmuir  Probe  is  a 6 cm  diameter  gold-plated  sphere  which  is  operated 
in  two  modes,  the  AN/N  mode  and  the  swept  mode.  The  swept  mode  which  is  of  concern 

*This  work  is  suoported  by  NASA/Lewis  Research  Grant  No.  NAG3-449 
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VCAP 


PORT 


Figure  1.  - Science  pa I let.  configuration  on  STS- 3 showing  location  of  instru- 
mentation...  — 

here  is  a 120  step  voltage  sweep  which  lasts  1.2  seconds  and  is  executed  5 times 
per  minute.  The  nominal  density  range  of  the  probe  is  approximately  5 x 102  to 
5 x 106 /cm3  , the  precise  sensitivity  depending  on  temperature.  Operating  in  this 
mode,  the  Langmuir  Probe  has  a current  voltage  characteristic  whose  slope  is  pro- 
portional. to  1/Te  and  which  has  a "knee"  in  the  curve  proportional  to  Ne. 

There  are  two  limitations  to  the  PDP  Langmuir  Probe  measurements.  The  first 
occurs  when  the  plasma  is  too  dense  to  really  see  the  entire  knee  of  the  curve  re- 
sulting in  Instrument  saturation  and  an  underestimate  of  density.  The  second  oc- 
curs when  the  plasma  temperature  is  too  high  and  density  too  low  to  get  a reliable 
slope  resulting  in  only  an  upper  bound  on  density  and  lower  bound  on  temperature. 

Figure  2 illustrates  the  electron  density  and  temperature  for  one  orbit  as  a 
function  of  vehicle  attitude.  (The  data  is  repeated  for  a second  orbit  to  provide 
clarity  for  the  graph  and  illustrate  a periodicity  which  is  real).  The  vehicle 
attitude  is  described  by  0 j and  which  are  illustrated  at  the  top  of  the  figure. 
Maximum  wake  occurs  when  the  vehicle  flies  tail  first  with  the  plasma  ramming  into 
the  Orbiter  belly  (e.g.  GMT  83:20:48).  At  this  point  in  time,  the  vehicle  is 
flying  a nose-to-sun  attitude  with  a 2 times  orbit  roll.  (See  figure  2 in  the  pa- 
per "Suprathermal  Plasma  Observed  on  the  STS-3  Mission  by  the  Plasma  Diagnostics 
Package,  by  Paterson  et  al.  (ref.  2)  in  this  issue  for  a description  of  this 
attitude.)  This  results  in  a once  per  orbit  ram/wake  cycle  which  is  evident  in 
figure  2 by  the  e~  density  and  neutral -density  (pressure)  measurements. 

Several  important  observations  summarize  figure  2: 

1.  Although  density  is  near  ambient  while  the  paylaod  bay  is  neither  pointing 
directly  into  the  velocity  vector  or  into  the  wake,  there  is  evidence  that 
the  density  may  be  2 to  10  times  ambient  when  the  bay  points  close  to  the 
velocity  vector.  The  probe  saturates  making  reliable  measurement  above 
2 x 1$  difficult.  The  region  cross  hatched  in  figure  2 is  where  this 
higher  density  regime  is  encountered. 


2.  Density  decreases  rapidly  as  the  Ocbiter  rolls  into  wake  condition. 

3.  The  minimum  reliable  measurement  of.  density  with  the  POP  probe  Is 
approximately  5 x 102 /cm3 . At  least  another  order  of  magnitude  decrease 
Is  required  to  pull  the. sweep  totally  of fscale  which  is  subsequently 
observed  to  happen.  The  sweep  remains  offscale  for  approximately 

23  minutes  centered  around  83:20:48. 

4.  During,  all  non-wake  conditions,  the  temperature  remains  relatively 
constant  at  about  1000°  (±30%). 

5.  Temperature  rises  rapidly  as  density  decreases. 

6.  The  highest  reliable  temperatures  occur  at  6000°K.  However,  the  trend 
continues  suggesting  temperatures  in  excess  of  7000°K  in  the  deep  wake. 


It  is  also  worthwhile  to  note  that  in  near  ram  condition  the  neutral  density 
(pressure)  was  almost  two  orders  of  magnit«de  above  ambient  ionospheric  conditions 
and  fell  below  10"7  torr  (the  instrument  st  •*tivity„  limit)  during  wake  conditions. 


THEJtfCAP  LANGMUIR  PROBE  AND  SRPA 


Data  on  the  characteristics  of  the  ambient  thermal  plasma  are  extracted  from 
the  probes  using  a technique  similar,  to  that  described  by  Raitt  et  al..  (ref.  3). 
This  AC  technique  employed-  for. -the  probes  enables  direct  measurement,  of  the  second 
derivative  of  the  SRPA  current-voltage  characteristic  and  the.  first  derivative  of 
the  LP  current-voltage  characteristic. 

The  SRPA  signal  is  obtained  by  adding  two  sinusoidal  AC  signals  (at  8.5  kHz 
and  10.7  kHz)  to  a sawtooth  sweep  voltage.  The  probe  current  is  passed  through  a 
narrow  band  amplifier  that  selects  the  difference  freqency  of  2.2  kHz,  which  is  a 
measure  of  the  non-linearity  of  the  probe  current-voltage  characteristic,  and  re- 
sults in  a signal  proportional  to  the  second  derivative  of  the  current-voltage 
characteristic.  Two  ac  current  ranges  are  available:  one  from  -76  dB  to  -24  dB 

and  the  other  from  -40  dB  to  0 dB  relative  to  10“7  amp  rms.  Each  successive  sweep 
of  the  probe  alternates  between  the  two  ranges.  Since  the  sweep  period  is 
17  seconds  the  complete  dynamic  range  is  covered  each  34  seconds. 

The  LP  has  only  one  AC  signal  (at  3.2  kHz)  added  to  the  sweep  voltage.  The 
amplitude  of  the  alternating  component  of  the  probe  current  derived  by  using  a nar- 
row band  amplifier  tuned  to  3.2  kHz  enables  the  first  derivative  of  the  current 
voltage  characteristic  to  be  measured  directly.  A single  dynamic  current  range, 
from  -80  dB  to  +10  dB  relative  to  10"6  amp  rms,  is  used  for  all  sweeps.  The  range 
of  the  sawtooth  voltage  is  from  -2  V to  +3  V,  the  period  and  phase  of  the  sweep  be- 
ing synchronized  to  the  SRPA  sweep. 

Figure  3 illustrates  data  taken  under  similar  conditions  as  that  taken  by  the 
PDP,  although  at  a different  time.  In  this  case  the  vehicle  attitude  is  differ- 
ent, but  the  same  angles  are  used  to  characterize  the  direction  of  the  velocity 
vector.  The  addition  of  the  dark  bar  on  this  figure  serves  to  show  when  day  and 
night  occur  during  the  orbit. 
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Figure  2.  - Summary  of  PDP  Langmuir  probe  electron  density  and  temperature  as 
function  of  vehicle  attitude.  Neutral  pressure  measurements  are  included  for 
reference.  Cross-hatched  areas  are  where  probe  sweep  saturates  and  routine 
used  to  calculate  Ne  underestimates  density  by  as  much  as  an  order  of 
magnitude. 


the  results  of  the  Langmuir  Probe  (dotted  line)  and  SRPA  (solid  line)  general- 
ly confirm  results  of  the  PDP  Langmuir  Ptohe.  VCAP  Lan  tlr  Probe  temperatures  are 
not  plotted,  but. the  following  results,  are  notable: 

1.  Close  to  ambient  (IQ00°K)  ionspheric  temperatures  are  measured  during 
non-wake  condition. 

2.  As  the  Orblter  rolls  into  wake,  a turbulence  at  all  frequencies  adds  noise 
to  the  3.2  kHz  LP  first  derivative,  but  measurements  indicate  an  increase 
in  temperature  to  beyond-AQQQ^K. 


VCAP  LP  densities  indicate  the  following: 


1.  An  upper  bound  of  electron  density  when  the  pa^aod  bay  faces  close  to 
the  velocity  vector  is  107 /cm3  . 


2.  Density  during  wake  conditions  drops  to  below  the  instrument  sensitivity 
of  lOf*  e/cm3  . 

The  SRPA  measurements  are  difficult  to  interpret  since  the  peak  in  the  second 
derivative  as  a function  of  sweep  voltage  for  the  dominant  ionospheric  0+  ion  is 
often  contaminated  by  locally  produced  H20+  and  N0+.  When  the  0+.  peak  is  clearly 
observable,  several  observations  prevail: 

1.  Densities  consistent  with  ambient  ionospheric  0+  are  observed  for  most 
conditions  which  shall  be  referred  to  as  non-wake . 


2.  > 2 orders  of 


occurs  in  the-near  wake. 


ADDITIONAL  EVIDENCE  FOR  LARGE  DEPLETION 


Additional  evidence  for  a many  order  of  magnitude  depletion  in  the  electron 
density  in  the  near  wake  is  provided  by  what  amounts  to  a sounder  experiment.  Re- 
call that  the  VCAP  SRPA  is  excited  with  a signal  at  8.5  and  10.7  kHz.  The  PDP  con- 
tains a 16  channel  (± 15%  bandwidth)  spectrum  analyzer  capable  of  detecting  electro- 
static or  electromagnetic  waves  over  a frequency  range  from  30  Hz  to  178  kHz.  The 
instrument  has  a saturation  of  approximately  1 V/m  electric  field  amplitude  and  a 
usable  dynamic  range  of  about  95  dB. 

During  most  of  the  orbit,  the  Spectrum  Analyzer  output  is  dominated  by  broad- 
band orblter  generated  electrostatic  noise,  (ref.  4)  thruster  firings  or  other 
events.  Figure  4 illustrates  that  as  the  wake  boundary  is  approached,  the  electro- 
static noise  disappears  in  all  channels  simultaneously  and  as  the  payload  bay  is 
immersed. deeper  in  the  orbiter's  wake  a signal  in  the  10  kHz  channel  grows  to  a 
point  of  dominance  in  the  spectrum.  This  in  fact  is  the  VCAP  SRPA  signal.  As  the 
density  drops  so  that  the  plasma  frequency  nears  or  drops  below  10.7  kHz,  this  Sig- 
nal can  propagate  to  the  PDP  sensor.  Detailed  calculations  and  modeling  are  being 
done  taking  field  strengths  and  sensor  separation  into  account,  but  preliminary 
work  suggests  that  although  the  PDP  Langmuir  Probe  infers  densities,  < 50/cm3, 
the  density  probably  drops  at  least  another  order  of  magnitude  to  < 5/cm3 . This 
would  be  approximately  six  orders  of  magnitude  of  plasma  depletion  in  the  near  wake 
from  that  measured  under  ram  condition. 
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Figure  3.  - Summary  of  VCAP  Langmuir  probe  ( 
results  as  function  of  vehicle  attitude. 
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Figure  4.  - VLF  electric  field  spectrum  showing  increasing  intensity  of  received 
SRPA  signal. 


SUMMARY 


Although  measurements  are  still  in  a primitive  state,  several  conclusions  can 
be  drawn  from  the  STS-3  POP  and  VCAP  data. 

1.  Ram  conditions  seem  to  result  in  a higher  than  expected  electron  density. 

2.  Density  depletions  of  at  least  4 orders  of  magnitude  in  the  wake  plasma 
are  observed  and  there  is  evidence  to  suggest  this  depletion  may  be  as 
high  as  six  orders  of  magnitude. 

3.  Effective  temperature  measured  by  the  thermal  plasma  probes  indicate  an 
increase  in  electron  temperature  in  the  wake  to  ? 6000°K. 

4.  The  thermal  ions  are  excluded  rapidly  as  the  orbiter  bay  rolls  into  wake 
and  only  those  locally  produced  H20+  and  N0+  are  measurable. 

5.  Both  LPcs  and  the  SRPA indicate  a degree  of  plasma  density  or  velocity 
turbulence  which  peaks  in  the- transition  region  between  ram  and  wake. 

Several  concerns  about  these  measurements  are  that:  first,  the  VCAP  probes' 

outputs  are  often  contaminated  by  the  turbulence  which  causes  bias  in  the  data; 
second,  the  ability  of  the  PDP  LP  to  measure  density  and  temperature  reliably  be** 
yond  a certain  limited  range  is  questionable;  and  third,  whether  the  sounder  exper- 
iment setup  between  the  VCAP  SRPA  and  PDP  Spectrum  Analyzer  is  "calibratable”  is 
still  an  open  question. 


The  fleet  concern  is  being  worked  and  there  is  confidence  that  corrections  for 
the  turbulence  can  be  computed.  Recall  that  the  PDE  LP  has  a AN/N  mode  which-can 
provide  upper  bounds  on  the  turbulence-wlthln  a given  frequency  band. 

The  second  concern.,  which  appliea  to  a lesser  degree  to  the  VCAP  LP,  is  harder 
to  solve.  As-  the  density  decreases-and  temperature-  increases-,  the  size  of- the 
probe  in  relation  to  a debye  length  and  thermal  electron  gyroradius  changes  drasti- 
cally. This  means  that  approximations  used-  to  derive  temperature  and  density  are 
no  longer  valid  and  new  formulations  must  be  used.  A long-term  research  effort  is 
underway  to  better  understand  the  behavior  of  swept  probes  in  these  extreme  reg- 
imes. (See  ref.  5 for  a description  of  the  probe  theory).  Meanwhile,  effort  has 
been  made  to  include  data  in  this  report  derived  from  regimes  where  approximations 
hold.  Thus,  the  densities  and  temperatures  are  probably  good  to  a factor  of  two. 

It  is  encouraging  to  note  that  when  comparisons  are  made  to  measurements  made 
by  the  DE  satellite,  which  flew  through  the  same  altitude  and  latitude  regime 
within  the  same  day,  general  agreement  is  found.  The  DE  data  show  dayside  condi- 
tions of  Ne  » .9  -1.1  x 1$ /enr  and  Te  = 1500°  - 2000°  while  the  PDP  and  VCAP  data 
taken  dayside  out  of  wake  and  also  out  of  maximum  ram  condition  indicate  Ne  * 2 to 
10  x 106/cm2 3  and  Te  =-1000°  (±30%). 

The  third  concern  is  currently  being  worked  and  if  the  “sounder”  is  calibrat- 
able,  it  should  provide  valuable  input  for  theory. 

The  fact  that  elevated  temperatures  are  observed  in  the  near  wake  of  a space- 
craft is  not  without  precedence.  Samir  et  al.  (ref.  6)  found  evidence  for  elevated 
electron  temperatures  in  the  wake  of  Explorer  31,  a much  smaller  vehicle  than  the 
Shuttle  Orbiter. 

Additional  measurements  by  the  PDP  and  VCAP  Instruments  will  be  made  on 
Spacelab-2  where  detailed  experiments  have  been  designed  to  study  the  structure  of 
the  wake  out  to  approximately  one  kilometer  from  the  vehicle. 
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Part  of  an  AFGL  payload  flown  on  the  STS-4  mission  consisted  of  experiments 
to  measure  in-situ  electric  fields,  electron  densities,  and  vehicle  charging. 

During  this  flight  some  11  hours  of  data  were  acquired  ranging  from  5 minute  snap- 
shots up  to  continuous  half-orbits.  These  experiments  are  described  and  results 
presented  for  such  vehicle  induced  events  as  a main  engine  burn,  thruster  firings 
and  water  dumps  in  addition  to  undisturbed  periods.  The  main  characteristic  of 
all  the  vehicle  induced  events  is  shown  to  be  an  enhancement  in  the  low  frequency 
noise  (less  than  3 KH z),  in  both  the  electrostatic  and  electron  irregularity  (a  N/N) 
spectra. 

Tbe  "non-event"  results  indicate  that  the  electrostatic  broadband  emissions  show 
a white  noise  characteristic  in  the  low  frequency  range  up  to  2 KHz  at  an  amplitude 
of  1U  db  above  the  shuttle  design  specification  limit,  falling  below  that  limit 
above  10  KHz.  The  vehicle  potential  remained  within  the  range  of  -3  to  +1  volt 
throughout  the  flight  which  exhibits  normal  behavior  for  a satellite  in  a low 
equatorial  orbit.  The  measured  electron  densities  and  temperatures  are  compared 
with  the  International  Reference  Ionosphere  showing  measured  densities  somewhat 
lower  (up  to  a factor  of  10)  and  temperatures  higher  (up  to  400°  K)  than  the  refer- 
ence model. 


INTRODUCTION 


The  objective  of  this  experiment  is  to  characterize  the  electrical  interaction 
of  the  shuttle  with  its  environment.  This  report  describes  the  experiment  and 
its  operation  through  a shuttle  mission  during  which  the  instrument  functioned 
normally  and  acquired  11.3  hours  of  data. 


DESCRIPTION  OF  EXPERIMENT 


The  electric  field  experiment  consists  of  a 1.575  meter  dipole,  illustrated 
schematically  in  Figure  1 as  sensors  A]  and  A?  mounted  along  the  orbiter  X axis. 
These  sensors  are  2 1/4"  diameter  aluminum  spheres  mounted  on  10"  long  booms  on 
the  equipment  pallet  which  is  mounted  16"  above  the  trunnion  fixture  on  the  right 
hand  (+  y)  side  of  the  cargo  bay.  This  puts  the  sensors  at  a height  of  22.5" 
above  the  edge  of  the  cargo  bay  door  70"  inboard.  This  geometry  is  such  that  when 
the  shuttle  attitude  is  right  wing  forward  (+y  into  velocity  vector),  then  any 
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roll  angle  from  -18.5°  to  + 158°  will  present  the  sensors  with  a clear  view  of 
positive  Ion  flow. 

The  spheres  are  roughened  to  guarantee  good  adhesion  and  are  coated  with  a 
graphite  material,  to  ensure  a uniform  surface  and  constant  work  function.  To 
obtain  the  electc-ic  field  component  along  the  dipole  axis,  the  difference  in 
potential  between  spheres  A]  and  A2  are  measured  with  circuitry  having  a much 
higher  input  impedance  than  the  resistance  between  the  spheres  through  the  plasma. 
This  potential  difference  is  input  to  Telemetry  at  two  sensitivity  levels,  one  a 
factor  of  five  more  sensitive  than  the  other.  In  addition  this  potential  differ- 
ence is  fed  to  two  swept  frequency  receivers,  sweeping  simultaneously  over  the 
frequency  ranges  0 to  66  KHz  and  0 to  5 MHz  in  an  eight  second  period.  Details 
of  the  different  measurements,  sensitivies,  sampling  rates,  etc.,  are  given  in 
Table  1.  The  amplifiers  were  calibrated  by  superimposing  spikes,  at  known  fre- 
quencies, on  the  signals  for  one  eight  second  sweep  504  secs  after  instrument 
turn-on  and  at  520  second  intervals  thereafter.  To  obtain  the  required  5 MHz 
response  it  was  necessary  to  situate  pre-amplifiers  as  near  the  sensors  as  possible 
which  resulted  in  this  circuitry  being  located  inside  the  sensor  supporting 
booms  attached  directly  to  the  sensor.  Because  it  was  critical  that  the  temper- 
ature of  these  elements  not  exceed  60^  when  operating,  a temperature  sensor  was 
co-located  with  this  circuitry  in- one  of  the  booms  (Aj)  and  was  closely  monitored 
during  the  mission. 

In  order  to  measure  the  state  of  charging  of  the  vehicle  with  respect  to  the 
local  plasma  the  potential  of  A]  was  also  measured  w-ith  respect  to  the  spacecraft 
skin  (ground),  thus  giving  the  spacecraft  potential  with  respect  to  the  plasma 
at  the  two  points  A]  and  A2  (separated  by  1 1/2  meters).  Because  almost  the 
whole  spacecraft  is  electrically  isolated  from  the  surrounding  plasma  by  the 
thermal  tiles,  leaving  the  engine  thruster  nozzles  as  the  only  conducting  surface 
by  which  the  spacecraft  potential  can  anchor  itself  to  the  plasma,  it  would  be 
expected  that  the  spacecraft  potential  would  vary  substantially.  This  was  indeed 
found  to  be  the  case  on  STS-3  (ref.  1).  In  order  to  make  vehicle  potential 
variations  of  more  than  a few  volts  less  likely,  another  experimenter  (NRL-802) 
provided  a "ground  plane"  of  1/3  square  meter  area  mounted  in  the  shuttle  X Z 
plane  approximately  70  cms  in  the  -Y  direction  from  the  dipole  axis,  see  Figure 
1.  This  surface  is  connected  to  spacecraft  ground  and  is  effective  in  stabilizing 
the  vehicle  potential  when  the  ion  flow  is  normal  to  the  surface,  i.e. , when  the 
vehicle  velocity  vector  is  in  the  spacecraft  + Y direction.  ~ 

The  second  part  of  this  experiment  is  the  Electron  Density  sensor  which  is 
mounted  midway  between  the  electric  field  sensors  (B,  Figure  1)  and  offset  inboard 
from  the  dipole  axis  by  10  cms.  This  sensor  consists  of  a gridded  sphere  2 1/4" 
in  diameter  with  an  open/surface  ratio  of  0,6  mounted  concentric  with  a 1 3/4" 
diameter  collector.  The  two  elements  are  gold  plated  to  reduce  work  function 
potential  differences  between  the  surfaces.  The  inner  sphere  is  biased  at  +20 
volts  with  respect  to  the  outer  sphere,  which  voltage  is  sufficient  to  collect 
all  electrons  of  energies  below  30.625  eV  which  enter  the  outer  grid  and  to 
reject  all  ions  with  energies  below  20  eV.  that  is  all  ions  below  mass  65AMU 
moving  with  the  ram  velocity  (7.7  Kn  sec-')  which  includes  the  dominant  iono- 
spheric ions.  Thus,  the  sensor  filters  out,  and  collects  the  current  due  to 
only  electrons,  which  is  then  input  to  a logarithmic  electrometer  measuring  in 
the  current  range  10"^  through  10"^  amps.  The  output  is  fed  to  telemetry 
and  to  an  A.C.  amplifier  with  a gain  of  40,  then  through  a bank  of  eight  filters 
to  telemetry  giving  outputs  which  measure  the  electron  density  irregularities  4 N/N. 


The  potential  on  the  outer  grid  of  the  sensor  with  respect  to  ground  is 
programmed  to  operate  50%  of  the  time  as  a Langmuir  probe  where  the  voltage  is 
varied  linearly  as  a function  of  time,  and  5Q%  in  a Irregularity  measurement 
mode  whore  the  voltage  is  kept  constants  This  programming  is  depicted  in  the 
lower  part  of  Figure  2 where  the  upper  part  shows  in  a block  format  the  signal 
processing  system.  To  obtain  density,  temperature  and  vehicle  potential  from 
the  Langmuir  probe  operation  it  is  necessary  that  the  probe  be  swept  through  the 
iocaJ  plasma  potential.  To  allow-  for  the  possibility  of  the  vehicle  potential 
being  anywhere*  in  the  range  of  -20  to  +4  volts,  the  4 volt  sweep  was  applied 
with  respect  to  & bias  voltage  which  was  stepped  at  54  sec  Intervals  through  0, 
+4,  +8  and  +16  volts. 

This  operation  was  controlled  with  an  internal  timer,  synchronized  to  the 
telemetry  frame  rate  through  a 100  Hz  clock,  and  recycled  every  256  sees  when  a 
timer  reset  pulse  was  transmitted  to  telemetry. 


EXPERIMENT  PERFORMANCE 


Table  2 summarizes  the  vehicle  history  and  the  amount  of  data  acquired  in 
each  vehicle  attitude.  The  experiment  was  commanded  on  and  off  by  command  sequences 
that  were  capable  of  operating  for  roughly  24  hours  before  they  required  updating. 
This  system  worked  quite  well  but  had  the  disadvantage  that  last  minute  changes 
in  the  astronauts  schedule  caused  planned  events  to  be  missed.  For  example,  it 
was  important  to  obtain  background  EMI  data  with  the  payload  bay  doors  closed, 
thus  shutting  out  the  environmental  noise.  This  event  was  missed  completely 
because  of  difficulties  encountered  on  the  first  closure  attempt. 

Much  of  the  data  was  acquired  in  5 minute  "snapshots",  longer  operating 
periods  were  more  desirable  of  course,  and  were  obtained  mostly  in  the  gravity 
gradient  and  bay-to-earth  attitudes.  The  two  longest  periods  were  of  45  minute 
duration  in  the  bay-to-earth  attitude. 

In  Figure  3a  and  3b  are  shown  the  temperatures  of  the  electronics  package 
(A452)  and  the  E-field  sensor  boom  A1  (T808)  respectively,  on  3a  is  also  indicated 
the  vehicle  attitude.  The  payload  by  doors  were  opened  at  Mission  Elapsed  Time 
(MET)  = 7,305  secs  which  was  94  minutes  prior  to  the  first  data  acquisition  at 
Revolution  (Orbit)  number  3.6  when  the  electronics  package  and  boom  were  at 
approximately  room  temperature  of  20°C.  Thereafter  the  electronics  cooled  to 
near  zero  by  REV  #9*5  where  it  remained  for  the  rest  of  the  mission.  The  excursions 
up  to  1 1 °C  and  17°C  can  be  seen  to  coincide  with  the  two  Bay-to-Sun  (-  ZSI) 
periods.  In  general,  the  electronics  package  temperature  increased,  as  expected, 
as  a function  of  "on"  time  except  from  MET  = 170,000  through  200,000  where  the 
pallet  was  cooling  faster  than  the  electronics  warmed  up.  On  the  other  hand,  in 
Figure  3b,  the  booms  being  thermally  isolated  from  the  pallet  experienced  wider 
temperature  oscillations  ranging  from  + 30°C  in  Bay-to-Sun  periods  down  to  -40°C 
at  night  when  the  cargo  bay  faced  away  from  the  earth.  Thus,  the  temperature 
seen  on  the  booms  depends  solely  on  the  sun/shadow  situations. 
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EXPERIMENT  RESULTS 


Vehicle  charging  for  the  entire  mission  will  be  discussed,  then  typical-  AC 
electric  field  values  will  be  compared- to  shuttle  specifications  for  broadband 
emissions*  finally,  electron  densitiesand  temperatures  for  a 45  minute  period 
wiU  be  compared  to  an  ionospheric  model.  

Vehicle  Charging 

Figure  4 shows  the  result  of  plotting  64  second  averages  of  vehicle  potential 
for  almost  all  (the  period  from  MET  = 13,000  through  90,000  secs  was  accidently 
omitted)  the  periods  when  the  instrument  was  operational  during  the  mission.  It 
can  be  seen  that  the  general  level  in  between  -3  and  +1  volts,  which  values  are 
tyical  for  a satellite  in  a low  equatorial  orbit  where-the  average  electron 
energy  is  of  the  order  of  0.16  eV. 

Comparing  figure  4 with  the  vehicle  attitudes  shown  on  Figure  3a  it  can  be 
readily  seen  that  the  high  value  of  +1.0  volts  at  MET  * 163,000  secs  coincides 
with  the  bay-to-sun  attitude  (-ZSI)  where  photo-electron  emissions  from  the 
instrument  pallet  (but  not  the  reference  plane,  which  is  edge-on  to  the  sun) 
drives  the  vehicle  positive  with  respect  to  the  reference  plane.  The  three  data 
sets  near  MET  = 260,000  secs,  where  the  vehicle  potential  approaches  -4  volts 
were  taken  in  a bottom-to-sun  attitude  (+  ZSI)  during  night-time  conditions. 

The  more  extreme  variations,  seen  on  the  lower  panel  of  Figure  4 (MET  > 310,000 
secs)  ranging  from  -3.2  volts  to  + 1.8  volts  were  all  taken  during  tail-to-sun 
attitude  (-  XSI).  The  positive  values  around  MET  = 317,000  secs  and  at  MET  = 

352.000  secs  are  identified  with  the  tail  pointing  into  the-velocity  vector 
where  the  ram  ion  flow  coupled  with  with  a low  photo-electron  emission  produces 
a net  positive  charge.  The  low  potentials  on  the  other  hand,  e.g.,  near  MET  = 

440.000  secs,  are  identified  with  periods  when  the  sensors  and  cargo  bay  are  ir. 
the  ion  flow  wake  region. 


Broad  Band  EMI 

In  Figure  5 we  show  a typical  electric  field  power  spectrum  showing  the 
amplitude  in  db  $/m  MHz  as  a function  of  frequency  on  a logarithmic  scale.  The 
data  from  the  low  frequency  sweep  (0  - 60  KHz)  is  represented  by  squares  and 
that  from  the  high  frequency  sweep  (0-5  MHz)  as  triangles,  the  lower  limits 
for  these  measurements  are  122  db  and  107  db  respectively.  Shown  also  on  this 
figure  are  the  maximum  shuttle-produced  broad  band  noise  limit  (Design  spec  max) 
and  the  payload  design  Specification,  this  latter  is  a specification  for  payload 
design  whose  limit  is  only  given  above  10  KHz  whereas  the  former  is  based  on 
ground  shuttle  measurements  made  by  SAIL.  It  can  be  seen  that  below  10  KHz  the 
measured  broadband  noise  exceeds  the  design  limit  by  a maximum  of  12db  in  the 
frequency  range  of  1 to  2 KHz.  This  is  due  to  electrostatic  waves  produced  by 
the  shuttle  body  moving  through  the  environment.  Taking  the  ambient  oxygen  temper- 
ature to  be  1000°  K gives  a most  probable  oxygen  speed  (random  thermal  speed)  of 
1.019  Km/sec,  thus  a vehicle  Mach  Number  of  7.5. 

Other  features  to  note  on  this  figure  are  the  line  emissions  at  37.5  KHz 
and  the  noise  enhancements  in  the  frequency  range  of  200  KHz  to  5 MHz.  The 
former  is  probably  due  to  a DC/DC  converter  on  the  pallet  which  line  was  also 
seen  on  ground  integration  tests,  the  latter  are  probably  genuine  plasma  emissions 


since  they  occur  in  the  frequency  range  of  the  plasma  frequency  (900  KHz  - 9 
MHz)  and  the  electron  gyro  frequency  (840  KHz). 

Model  Comparison- 

Comparison  of  measured  e-lectron  densities  and  electron  temperature  with  the 

International  Reference  Ionosphere  (IRL)  are  shown  in  Figure  6 comprising  of 

some  45  minutes  of  data  taken  on  Rev  It 24.6.  The  I R I model  is  shown  as  solid 
lines  and  the  measured  data  as  points  with  vertical  error  bars.  These  data 
result  from  analysis  of  the  Langmuir  probe  mode  of  operation  of  the  electrons 
sensor  where  each  8 second  interval  results  in  two  points,  one  from  the  upsweep 
(-4  to  +4  volts)  and  one  four-  seconds  later  from  the  downsweep  (+4  to  -4  volts). 
Because  of  a well-known  hysteresis  effect,  where  electrons  accumulate  on  the 
outer  grid  giving  an  effective  grid  potential  offset  from  the  applied  potential, 
the  deduced  densities  and  temperatures  differ  slightly.  In  each  successive  256 
second  period  only  the  first  128  seconds  gave  usable  Langmuir  probe  data,  the 
+3  and  +16  volt  biases  applied  at  128  and  196  seconds,  respectively  produced 
near^saturation  currents. 

Comparing  the  model  and  measured  densities  in  Figure  6a  it  is  seen  that  the 
measured  values  are  lower  by  up  to  a factor  of  10.  On  the  other  hand,  the  measured 
temperatures  in  Figure  6b  are  in  general  higher  than  the  model.  These  differences 
are  explained  by  the  fact  that  the  electron  sensor  is  located  in  the  cargo  bay, 
hence,  embedded  in  the  vehicle  sheath.  If  the  balance  of  the  sheath  has  only  a 
net  negative  charge  with  respect  to  the  ambient  plasma  of  only  a few  hundreths 
of  a volt,  then  a fraction  of  the  lowest  energy  ambient  electrons  will  be  unable 
to  reach  the  sensor  location  thus  giving  the  low  observed  densities  and  high 
observed  temperatures. 


VEHICLE  INDUCED  EFFECTS 


The  following  three  sections  describe  the  effects  of  a main  engine  burn, 
vernier  thruster  firings  and  a water  dump. 

OMS-4  Burn 

Figure  7 represent  data  taken  during  the  fourth  burn  of  the  OMS  motor, 
ignition  occurred  at  MET  = 18,852.4  secs  for  a 30  sec  burn  durations.  On  the 
time  scale  of  Figure  7a  the  burn  starts  at  169  seconds  and  ends  at  199  seconds. 

On  the  upper  panel  is  shown  the  plasma  potential  with  respect  to  the  vehicle 
that  is,  the  potential  of  the  A1  sensor  on  a scale  of  -9  to  +9  volts.  The  vehicle 
potential  (with  respect  to  the  plasma)  is  the  measured  quantity  with  reversed 

sign  thus  it  can  be  seen  that  prior  to  170  seconds  the  vehicle  potential  is  -0.Z 

volts.  The  second  panel  shows  the  potential  difference  between  the  electric 
field  sensors  on  a scale  of  -2  to  +2  volts»and  the  third  panel  is  the 
same  quantity  on  a ten  times  larger  scale.  The  electric  field  is  obtained  by 
dividing  this  voltage  by  1.575  (dipole  separation  distance  in  meters)  and  gives 
the  component  in  the  -x  (nose-to-tai  1 ) direction.  Thus,  it  can  be  seen  that 
the  electric  field  varies  from  160  mV/m  at  time  0 seconds  to  zero  at  256  seconds. 

A small  electric  field  component  along  the  Shuttle  X-axis  is  expected  here 
because  the  vehicle  is  flying  in  an  "aeroplane"  attitude  (zero  pitch  and  zero 
yaw)  to  increase  the  orbital  altitude  during  the  motor  burn.  The  dominant 
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electric  field  is  due  to  the  vehicle  motion  through  the  geomagnetic  field,  V x 8, 
contributing  no  field  component  along  the  velocity  vector  in  this  vehicle  attitude. 

The  lower  panel  shows  on  a logarithmic  scale  the-  current  mea-sured  by  the 
electron  sensor  ranging  from  I0“y  amps  to  10-3  amps.  In  section  2 it  wa-s 
pointed  out  that  a- bias  potential  was  applied  to  the  sensor  with  respect  to  the 
vehicle  and-  stepped  at  64  second- intervals  through  0,  4,  8 aod  16  volts.  The 
effect  of  this  can  clearly  be  seen  or  th-is  panel  where  only  the  constant  voltage 
mode  data  are  shown  occurring  at  even  8 second  intervals. 

In  the  time  period  up  to  64  seconds  the  current  is  very  low- where  the  electrons 
are  being  retarded,  at  64  seconds  when  the  bias  is  stepped  from  zero  to  +4  volts 
the  current  increases  over  four  orders  of  magnitude  because  we  have  now  shifted 
to  a voltage  where  the  electrons  are  accelerated  to  the  sensor.  Reading  the 
vehicle  potential  from  the  top  pane)  as  - 0.7  volts  it  can  be  seen  that  we  have 
moved  the  sensor  potential  from  - 0.7  volts  to  + 3.3  volts  with  respect  to  the 
plasma  at  64  seconds.  At  128  seconds  the  sensor  potential  is  stepped  up  another 
4 volts  to  + 7.3  volts  with  respect  to  the  plasma  and  the  amplifier  saturation 
current  of  1.363  x 10"4  amps  is  almost  reached.  The  final  step  to  16  volts 
bias  at  196  seconds  now  saturates  the  amplifier. 

Turning  now  to  the  effects  of  the  motor  burn.  At  motor  ignition  the  vehicle 
potential  initially  swings  negative  by  almost  2 volts  (AT  increases)  at  169 
seconds,  returns  to  its  pre-ignitien  value  of  - 0.7  volts  i n -0.2  seconds  and 
then  decreases  linearly  through  the  30  second  burn  period  to  - 1.0  volt  at  199 
seconds.  This  vehicle  potential  fluctuation  is  consistent  in  sign  with  the 
electron  current  observed  on  the  lower  panel  in  Figure  7a  and  on  an  expanded 
time  scale  on  the  lower  panel  of  Figure  7b,  where  the  negative  excursion  of 
sensor  potential  causes  a current  reduction  of  3 orders  of  magnitude,  i.e., 
apparently  takes  the  sensor  potential  to  zero  or  slightly  below  plasma  potential. 
Since  the  sensor  potential  prior  to  motor  ignition  is  + 7.3  volts  an  excursion 
of  some  - 7.5  volts  would  be  necessary  to  reduce  the  sensor  current  to  the  observed 
10" 7 amps.  An  alternative  explanation  is  that  motor  ignition  causes  a sudden 
increase  in  pressure  in  the  local  environment  which  changes  the  electrical  vehicle 
sheath  condition.  This  hiatus  interrupts  the  flow  of  electrons  to  the  sensor 
and  could  also  possibly  explain  the  apparent  positive  excursion  of  vehicle  potential, 
seen  as  a negative  excursion  of  approximately  1.5  volts  on  A1  at  169  seconds. 

Looking  at  the  electric  field  response  on  Figure  7a-,  A1-A2,  we  see  no  change 
in  the  D.C.  electric  field  but  a very  apparent  increase  in  noise  from  0.2 
volts  to  0.5  volts  peak  to  peak  amplitude  throughout  the  30  second  burn  period. 

This  increase  in  "noise"  can  be  seen  by  comparing  the  upper  two  panels  in 
Figures  7b  and  7c,  where  the  spectra  are  shown  for  two  succesive  frequency 
scans  7c  before  motor  ignition  and  7b  during  and  following  ignition.  Ignition 
occurs  at  1.2  seconds  on  7b  the  vertical  scale  is  proportional  to  the  log  of 
E^  measured  in  \i^/mA\z  and  the  spectra  show  the  receiver  frequency  being 
swept  linearly  as  a function  of  time.  Comparing  the  amplitude  at  5 KHz  on 
either  side  of  the  0 KHz  pedestal  it  is  seen  that  ignition  produces  a noise 
value  an  order  of  magnitude  higher  than  the  subsequent  burn  noise,  which  is 
again  an  order  of  magnitude  higher  than  the  noise  prior  to  burn.  By  comparing 
the  0 KHz  peaks  it  is  seen  that  this  noise  is  at  a low  ( < 1 KHz)  frequency. 

Again,  a probable  explanation  for  this  increased  electrostatic  noise  is  a large 
local  pressure  increase,  with  the  additional  possibility  that  the  electrostatic 
noise  and  the  A N/N  enhancements  are  due  to  the  propagation  of  a sound  wave 
through  the  plasma. 


Thruster  Firings 


Of  the  44  thrusters  that  make  up  the  Reaction  Control— System  (RCS),  38  are 
primary  (PRCS)  and  six  are.  vernier  thrusters  (VRCS).  This  latter  system  is  the 
one  employed  for  attitude  control  for  the  major  part  of  this  mission  and  are  the 
ones  whi-ch_we  will  discuss.  Two  are  situated  in.  the  nose  and  four,  two  left  and 
two  right,  on  the  engine  pod  just  above  the  trailing  edges  of  the  wings.-  Ot- 
these-si-x  vernier-thrusters  those  in  front  produced  no  discernable  effects, 
those  on.  the  left  small  perturbations  and  those  on  the  right  large  effects  with 
the  thruster  firing  down  producing  larger  fluctuations  than  the  one  thrusting  to 
the  right.  The  reason  for  this  difference  is  probably  that  the  right  aileron 
could,  if  left  in  a horizontal  position  deflect  part  of  the  thruster  plume  upwards 
towards  the  starboard  cargo  bay  area  where  the  instruments  were  located. 

The  thruster  firing  effects  are  shown  in  Figure  8 with  a time  history  of 
firings  shown  in  table  3.  During  this  acquisiton  period  the  vehicle  was  in  a 
bay-to-sun  attitude  with,  the  right  wing  (+Y)  pointing  into  the  velocity  vector 
(approximately  eastward).  The  local  time  is  near  midnight^  thus  the  cargo  bay  is 
facing  the  earth  and  again  the  measured  component  of  the  V x B electric  field  is 
small  (A1  - A2),  on  Figure  8a.  The  total  thruster  firing  period  of  12.88  seconds 
commencing  at  184.58  seconds  is  shown  in  the  upper  panel  of  Figures  8a,  b,  and  c. 

It  can  be  seen  that  the  effects  are  barely  discernible  on  either  vehicle  potential 
(A1 ) or  D.C.  electric  field  (A1  - A2),.  but  produce  a factor  of  ten  decrease  in. 
the  electron  current.  This  current  response  cuts  off  at  192  seconds  due  to  the 
sensor  switching  into  the  Langmuir  probe  mode  of  operation,  we  will  return  to 
this  later. 

The  Outputs  from  the  eight  A N/N-  fi  lters  are  shown  in  Figures  8b  and  8c  on 
the  same  time  scale -as  8a  with  again  the  thruster  firing  indicator  in  the  top 
panel-  The  vertical  scale  is  logarithmic  extending  from  -0.1  to  +4.9  with  0 
being  equivalent  to  0%  value  of  a N/N  and  5 corresponding  to  186%  A N/N.  The 
large  oscillations  up  to  64  seconds,  the  smaller  oscillations  up  to  128  seconds 
and  the  large  negative  going  vertical  spikes  thereafter  are  due  to  switching  in 
and  out  of  the  Langmuir  probe  mode  of  operation.  An  explanation  of  the  positive 
spikes  discernible  on  all  the  filter  outputs  at  a time  interval  of  5 seconds, 
which  come  and  go  throughout  the  mission  has  not  been  found.  It  is  perhaps  a 
cycling  time  of  another  experiment  or  a payload  switching  operation,  this  is 
being  investigated.  The  general  signal  level  is  the  quantity  to  note.  It  can 
also  be  seen  that  the  signal  level  is  depressed  for  frequencies  greater  than  100 
Hz  in  the  first  64  seconds.  This  is  due  to  the  roll-off  in  frequency  response 
of  the  logarithmic  amplifier  above  100  Hz  at  the  lowest  current  level  of  10"9 
amps,  which  is  the  current  level  indicated  on  the  lower  panel  of  Figure  8 a. 

The  thruster  firing  effect  can  be  seen  starting  at  134.6  seconds  and  extending 
through  194  seconds,  coinciding  exactly  with  the  right  thruster  firing  times 
listed  in  table  4.  No  effects  are  discernible  either  from  the  front  left  firings 
nor  at  termination  of  the  front  right  Operation  at  197.5  seconds.  The  right 
thruster  produces  an  increase  in  & N/N  from  0.5%  to  1.6%  at  30  Hz,  decreasing 
to  zero  effect  at  500  Hz  where  A N/N  = 1.6%,  changing  to  a suppression  with 
increasing  frequency  to  a maximum  of  a depression  in  a N/N  from  5%  to  0.5%. 

An  even  more  dramatic  effect  of  the  decrease  in  noise  due  to  thruster  operation 
can  be  seen  in  the  Figure  8d  through  8g  which  shows  a series  of  four  consecutive 
spectra  from  the  A.C.  electric  field  outputs.  The  panel  format  is  the  same  as 
in  Figure  8 (b  and  c).  These  figures  show  in  the  third  panel  the  current  decrease 
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at  the  firing  start  in  8e  at  0.2  seconds  and  then  return  to  its  initial  value  at 
1.7  seconds  in  8f  coincident  with  the  right  thruster  firing  end.-  Note  the  almost 
complete  suppression- of  all  frequencies  greater  than  12  KHz  in  the  top  two  panels 
of-  Figure  8e  as  compared  with.8d».f  or  g,  the  reduction  in  electrostatic  noi-se 
above  3 KHz  and  the  small  increase  at  frequencies  below  2 KHz.-  These  effects 
are  very  similar  to  those  observed  by  the  Plasma  Diagnostic  Package*  on  STS- 3, 
and  offer  a possible  explanation  in  terms  of  a local  pressure  increase. caused  by 
gases  emitted  from  the  starboard-thruster. 

Water  Dump 

A water  dump  occurred  on  Rev  #33.6  commencing  at  MET  = 1Z5864.84  seconds 
the  effects  of  which  are  shown  in  Figure  9.  At  this  time  the  vehicle  was  in  a 
tail-to-sun  attitude  and  was_just  crossing  the  terminator  from  day  to  night 
which  puts  the  shuttle  in  an  "aeroplane"  attitude  with  the  cargo  bay  facing  away 
from  the  earth  and  the  electric  field  dipole  aligned  with  the  velocity  vector 
hence  a zero  V x B electric  field  component. 

The  water  dump  start  is  shown  in  the  upper  panel  of  Figure  9a  at  181.4 
seconds  and  continuing  through  256  seconds.  The  vehicle  potential  decreases  by 
a very  small  amount  -0.2  volts  (Al  increases),  the  D.C.  electric  field  (AI-A2) 
remains  unchanged  but  the  noise  increases  from  0.1  volts  peak  to  peak  to  0.15 
volts  and  the  electron  density  which  has  been  steadily  decreasing,  increases  at 
the  start  of  the  dump  by  some  10%  but  sustains  the  same  rate  of  decrease  during 
the  water  dump  as  before. 

looking  at  the  A N/M  data  in  Figures  9b  and  9c  we  see  a progressive  enhance- 
ment of  A N/N  from  30  Hz.  up  to  503  Hz.  during  the  water  dump  which  then  decreases 
back  to  zero  effect  at  the  highest  frequency  of  7.830  KHz.  Figures  9d  and  9e 
show  the  electrostatic  frequency  spectra  before  and  after  the  water  dump  start 
the  only  difference  to  be  noted  in  the  slight  filling  in  around  0 KHz  on  the  low 
frequency  spectrum  on  9e  compared  to  9d.  This  indicates  that  the  increase  in 
noise  on  (A1-A2)  in  Figure  9 a occurs  at  frequencies  less  than  2 KHz.  The  explan- 
ation for  these  measurements  is  probably  the  presence  of  eater  droplets  charged 
by  triboelectric  effects  and  a local  increase  in  pressure. 

CONCLUSIONS 


1.  There  exist  electrostatic  noise  at  frequencies  below  10  KHz  generated 
by  body  motion  at  about  135  db  V/m  MHz  amplitude  which  propagate  to  the  sensor 
location  in  the  cargo  bay. 

2.  At  OMS  ignition  a large  pressure  wave  is  generated  for  3/10  second  which 
shields  the  cargo  bay  area  from  the  environment. 

3.  The  OMS  burn  and  thruster  firings  produce  acoustic  noise  detected  by 
its  electric  field  and  aN/N  effects  in  addition  the  local  pressure  increase 
produced  by  starboard  thruster  reduce  the  electron  density  by  a factor  of  10. 

4.  Ambient  plasma  measurements  of  electron  density,  irregularities,  temper- 
ature and  electrostatic  waves  are  possible  in  the  cargo  bay  provided  that  the 
shuttle  attitude  is  correct  and  that  appropriate  exposure  factor  corrections  are 
made. 
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5.  Measured  vehicle  potentials  were  typical  of  a satellite  in  low  earth 
orbit  ranging  in  value  from  -3  to  +1 volts  with  typical  values  of  around  -1  volt 
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lAHlfc  I INSrmJMClUAMUN  AHU  MEASUItEMtHIS 


I.  Electr  ic  field  Sensor 


UII’OLE  LENOJH  * 1.575  meters 


Measurement 

Itanye 

Sensitivity 

Sample  Rati 

a)  I’rube  I’olent  ial  (Al ) 

-H.I56  to  *8.494  volts 

* 33  mV 

25/sec 

b)  L-Field  LO  (III) 

-1.059  to  *1.104  ■ V/m 

+ 7 mV /hi 

25/sec 

c)  E -field  III  (IJC) 

-11)01  to  -028  iiiif/m 

+ InV/ni 

25/sec 

(1)  E-rield  Ml  (AC) 

0 to  06  KHz 
209  Hz/sample 

IU - 1 1.587  f0 
Hj-4.I96„2/,„2/hz 

5U/sec 

e)  F-field  III 

0 to  4.991  MHz 
14. 6 HU  Kllz/sample 

1U  - M.664  (0 

|U-  7.67«V2/,„2/h2 

50/sec 

2.  Election  Density  Sensor 

CULL  EC  MON  AltEA  * 1.026  x HI'?  m? 


Measurement 

Itanye 

Sensitivity 

Sample  Kate 

a)  El ectron  Oensity 

15  to  2 x IU&  cur 3 

♦ 27, 

25/sec 

b)  Election  temperature 

1110  to  IU 0,000 °K 

♦ 2% 

c)  Vehicle  Potential 

-20  to  *4  v 

T UUliiV 

<l)  All  /h 

0 to  1867. 

♦ 0.057. 

30,  60,  115,  503,  968, 

10/sec 

1939,  3900  AND  7830  Hz 

(each  filter) 

1.  House!,  eeplmi 

a.  Electronics  Packaye  Temperature 

b.  Hoorn  Al  Iem|ierature 

c.  I inier  lieset  indicator 


-80'C  to  IbUC 
-80  X to  150  X 
I sample/sec 


TARLE  2 


REV  » 

Mission  Elapsed  lino-  (Secs) 

Vehicle  Attitude) 

Data 

f rum 

to 

from 

to 

Acquired 

(Mins ) 

3 

3 

12,952 

13,552 

-ZLV,  XI’OP,  12°  roll 

10.-0 

4 

4 

1(1,683 

18,983 

OMS-4  Burn 

5.0 

5 

6 

22,7(1/ 

29,864 

GO 

28.16  7 

8 

12 

36,901) 

60,068 

♦2SI 

23.333 

13 

16 

66,158 

05,025 

-ZS1 

40.0 

in 

21 

92,454 

109,781 

G(i 

93.333 

22 

29 

113,  t»2 

152,527 

-ZLV,  XI'OP,  12°  roll 

ilO.O 

29 

32 

154,604 

1/0,063 

-ZSI  (1 ECM* ) 

55.0 

33 

3/ 

174,052 

19  7,215 

-XSI  (1  ECU* ) 

47.0 

38 

52 

202,171 

2/9,577 

+ZSI 

142.333 

59 

59 

313,450 

3)3,750 

p rc 

5.0 

59 

94- 

317,3)84 

506,268 

-XSI 

147.9 

10IAL 

67/.066 
= 1 1 .284hrs 

* Ihis  is  Lhe  period  over  which  the  NASA  induced  environment 
contamination  monitor  was  operating. 


t Uescription  of  attitude  terms: 

-21 V,  XPUP,  12°  roll  * bay  (-Z)  to  earth,  X perpendicular  to 

orbital  plane,  12°  roll  cants  right  winy 
out  of  velocity  vector. 

GO  = gravity  gradient,  approximately  nose  to 
earth,  right  wing  into  velocity  vector 
such  that  a-  stable  attitude  is  achieved. 

*ZS1  •*  Bottom  to  sun 

-ZS1  * lop  (Cargo  bay)  to  Sun 

-XSI  * tai  I to  Sun 

PIC  = “Rotisserie"  mode,  X perpendicular  to  earth- 
sun  line  with  a slow  roll 


TABLE  3.  - THRUSTER  OPERATION 


Thruster 

Start  (MET  )secs 

■BiSiS 

Start  (Fig  7)secs 

Stop (Fi q 7)secs 

FRONT  RIGHT 

274633.38 

274646.26 

19  7.46 

RIGHT  RIGHT 

274633.38 

274642.74 

B 5 ? ■ if 

193.94 

FRONT  LEFT 

274633.38 

274634.34 

B " ' ; ~ 

185.54 

FRONT  LEFT 

274636.26 

274636.74 

mV'  ’ 

187.94 

FRONT  LEFT 

274638.66 

274639.  14 

mV  : 

190.34 

FRONT  LEFT 

274641.06 

274641  .54 

B; 

192.74 

FRONT  LEFT 

274642.74 

274646.26 



19-3.94 



(a),  804C  temperature  A452. 

Figure  3.  - Electronics  urU  temperature  (A452)  with  vehicle  attitude  and  boom 
At  temperature  (A808)  versus  mission  elapsed  time. 
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(b)  804G  temperature  T808. 
Figure  3.  - Concluded. 


MET  3'«7«  St T7S4  933*34  3331 M S4ft?»*  J*I»M  WIM  M5C34  **1314  379!** 


JWB  3 ***93  «MMJ  ■*'3133  421309  42*1  n OMS9  ***3*5  *5}J«  »344C3  «’!I5  **5243  •4-0*3  •WC29  *M: 


Figure 

(MET 


. - Vehicle  potential  for  all  data  collection  periods  for  orbit  18.2 
92  454  sec)  through  orbit  94.3  (MET  = 505  362  sec). 


1 


(a) Electron  density. 


Figure  6.  - Comparison  of  electron  density  and  electron  temperature  (points 
with  error  bars)  against  International  Reference  Ionospheric  model  (solid 
line)  versus  time. 
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SECONDS 

(a)  Vehicle  potential,  electric  field,  and  electron  current  versus  time 
MET  18  683.4  sec. 
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SECONDS 


(b)  Electrosatlc  spectr  over  low-  and  high-frequency  ranges  and  electron 
current  versus  tlnr.  MET,  18  851.4  sec;  Inteval  22. 


Figure  /.  - OMS-4  burn. 
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(c)  Thruster  Indicator  AN/N  filter  outputs  versus  time  ana  orbital  position. 


Figure  8.  - Continued. 
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(d)  Electrostatic  spectra  over  low-  and  high-frequency  ranges  and  electron 
current  versus  time.  Interval  23. 
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(e)  Electrostatic  spectra  over  low-  and  high-frequency  ranges  and  electron 
current  versus  time.  Interval  24. 

Figure  8.  - Continued. 
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(f)  Electrostatic  spectra  over  low.  and  high-frequency  ranges  and  electron 
current  versus  time.  Interval  25 *. 
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(g)  Electrostatic  spectra  over  low*  and  high  frequency  ranges  and  electron 
current  versus  time.  Interval  26. 

Figure  8.  - Concluded. 
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(a)  Oump  indicator,  vehicle  potential,  e1 
versus  time  and  orbital  position. 
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(b)  Dump  Indicator  and  AN/N  filter  outputs  versus  time  and  orbital  position. 

Figure  9.  - Continued. 


to 


0 — KHi  20 


T 


IS  8 5 -224  7 fi 

MEASURED  ELECTRON-CONTRIBUTION  TO  SHUTTLE  PLASMA  ENVIRONMENT:  ABBREVIATED  UPDATE 


W.  McMahon  and  R.  Salter 
Air  Force  Geophysics-Laboratory 
Hanacom  Air  Foce  Base,  Massachusetts  01731 

R.  Hills 

Tri  con  Associates , Inc . 

Cambridge , Massachusetts  02138 

D.  Delorey 
Boston  College 

Chestnut  Hill,  Massachusetts  02167 

The  differential  energy  spectra  of  electrons  between  1 and  100  eV  were  measured 
by  an  electron  spectrometer  flown  on  an  early  shuttle.  This  energy  range  was  scan- 
ned in  64  incremental  steps  with  a resolution  of  7 %.  The  most  striking  feature 
that  was  observed  throughout  these  spectra  was  a relatively  flat  distribution  of 
the  higher  energy  electrons  out  to  100  eV.  This  is  in  contrast  to  normal  ambient 
spectra  which  consistently  show  a rapid  decline  in  quantitative  flux  beyond  50-55 
eV.  The  lower  energy  (1-2  eV)  end  of  these  spectra  showed  steep  thermal  trails 
comparable  to  normal  ambient  spectral  structure.  In  general,  daytime  fluxes  were 
significantly  higher  than  those  obtained  during  nighttime  measurements.  Quanti- 
tative flux  excursions  which  may  possibly  be  associated  with  thruster  firing  were 
frequently  observed.  Spectral  structure  suggestive  of  the  Ng  vibrational  excitation 
energy  loss  mechanism  was  also  seen  in  the  data  from  some  measurement  periods. 
Examples  of  these  Spectra  are  shown  and  possible  correlations  are  discussed. 


INTRODUCTION 

The  purpose  of  this  experiment  was  to  examine  the  role  of  low  energy  electrons 
in  the  interaction  between  large  vehicles  and  the  space  environment,  and  to  assess 
the  extent  of  contamination  presented  by  these  electrons.  For  this  purpose,  an 
electron  spectrometer  was  flown  on  an  early  shuttle.  This  instrument  was  a 127° 
cylindrical  electrostatic  deflection  analyzer  essentially  identical  to  that  des- 
cribed in  reference  1.  Differential  energy  spectra  between  1 and  100  eV  were 
obtained  by  applying  the  analyzer  voltage  in  64  incremental  steps.  The  analyzer 
resolution  was  7%  and  the  stepping  increments  were  set  at  7%  to  match  this  and  thus 
avoid  gaps  in  the  spectral  data.  Dwell  time  per  step  was  set  at  1.0  sec,  thereby 
requiring  64  secs  to  scan  a full  spectrum;  this  was  found  to  be  an  undesirably  long 
time  period,  as  will  be  later  discussed.  The  instrument  was  mounted  near  the  rear 
of  the  shuttle  bay  with  a look  direction  out  over  the  right  wing,  along  the  -Y  axis 
and  tilted  12°  upward  from  it. 

Before  showing  the  shuttle  data  it  will  be  useful  to  first  show,  by  way  of 
contrast,  what  the  ambient  or  relatively  uncontaminated  spectra  look  like.  The 
examples  shown  in  figure  1 are  spectra  of  ambient  daytime  photoelectrons  which  were 
obtained  on  a rocket  flight  using  an  instrument  identical  to  that  used  on  the  shut- 
tle. The  highest  altitude  shown,  however,  is  about  80  km  below  shuttle  altitude. 
These  are  typical  of  many  hundreds  of  spectra  obtained  during  several  rocket  flights 


and  show- four  chief  characteristics:  There  is  first  a steep  thermal  tail  at  very  low 
energies  (<2eV),  only  the  lower  parts  of  which  are  seen  in  these  particular  spectra. 
Second  is  the  valley-like  structure  between  2-5  eV_caused  by  energy  loss  due  to 
resonant  vibrational  excitation  of  Ng  by  electron  impact  --  the  so-callea  nitrogen 
bite-out.  It  should  be  noted,  for  later  reference,  that  this  feature  diminishes  in 
the  ambient  spectra  as  altitude  increases  toward  200  km  and  disappears  above  this, 
well  below  shuttle  altitude.  Third,  in  the  20-30  eV  region  for  daytime  spectra 
only,  there  are  several  closely  spaced  peaks  due  to  photoionization  of  Nj>  and  0 
by  the  intense  solar  He  II  line  at  304A;  this  structure  is  shown  here  as  combined 
by  the  limited  analyzer  resolution  to  form  one  broadened  peak.  And  fourth,  there 
is  a rapid  quantitative  decrease  in  photoelectrons  above  about  55  eV  due  to  a 
pronounced  decrease  in  the  solar  euv  flux  at  higher  energies  (wavelengths  less 
than  about  170A). 


MEASUREMENTS 

The  shuttle  spectra  showed  departures  from  the  ambient  characteristics  noted 
above,  some  of  which  were  expected  and  some  of  which  were  not.  Figure  2 shows  a 
typical  spectrum  which  is  actually  the  average  of  all  spectra  obtained  during  this 
particular  data  acquisition  period.  In  common  with  ambient  spectra*.. a thermal  tail 
below  2 eV  is  seen,  as  was  expected.  There  is  no  apparent  structure  in  the  2-5  or 
20-30  eV  regions  which  was  not  unexpected.  What  was  quite  unexpected,  however,  is 
the  continued  relatively  flat  distribution  of  electrons  having  energies  greater 
than  50  eV,  out  to  the  highest  energy  measured  (100  eV).  This  was  the  most  striking 
characteristic  of  these  measurements;  it  was  present  in  every  spectrum  taken  during 
the  flight.  The  source  of  these  higher  energy  electrons  is,  as  yet,  unexplained. 

But  it  clearly  indicates  the  need  for  one  experimental  change  for  the  next  flight: 
that  is  to  extend  the  energy  range  coverage  out  to  500  or  1000  eV  to  see  where,  or 
if,  the  expected  shoulder  can  be  found.  Figure  3 shows  three  individual  spectra 
obtained  in  this  same  measurement  period  during  which  the  vehicle  went  from  daylight 
to  darkness.  As  shown,  the  quantitative  electron  flux  decreases  significantly  at 
night,  clearly  suggesting  that  locally  generated  solar  photoelectrons  contribute  in 
large  measure  to  the  daytime  electron  environment  of  the  shuttle.  Two  of  these 
spectra  also  show  considerable  scatter  or  data  point  excursions.  In  an  attempt  to 
correlate  this  scatter  with  other  vehicle  events,  periods  of  thruster  firing  are 
shown,  although  this  cannot  be  considered  a direct  source  of  electrons  in  the  energy 
range  shown  here.  It  should  be  noted  that  thruster  firings  mentioned  herein  refer 
to  all  cases  to  the  verniers.  There  was  very  little  firing  of  the  primary  thrusters 
during  any  of  these  data  acquisition  periods,  and  what  little  there  was  appeared  to 
have  no  effect  on  the  data.  Thruster  operation  involves  a hypergolic  reaction 
between  monomethyl  hydrazine  (MMH)  and  nitrogen  tetroxide  (N2O4)  and  while  this 
generates  what  might  be  called  a hot  plasma,  it  cannot  directly  contribute  electrons 
haying  energies  much  greater  than  about  2 eV.  Some  subsequent  accelerating  mech- 
anism would  clearly  be  required  if  thruster  activity  is  to  be  associated  with  these 
flux  excursions. 

Thruster  firings  occur  for  a minimum  of  30  msec,  although  in  many  cases  one  or 
more  were  active  for  considerably  longer  periods  of  time.  But  this  points  up 
another  way  in  which  the  experiment  should  be  changed  for  a subsequent  flight:  The 
present  scan  timing  sequence  (lsec/step,  64sec/scan)  is  simply  too  long  to  observe, 
over  the  better  part  of  a spectrum,  any  short  term  phenomenon  which  may  have  oc- 
curred. Very  short  term  phenomenon  could  therefore  appear  as  the  excursion  of  a 
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single  data  point,  or  a few  consecutive  points,  which  may  account  for  the  apparent 
scatter  effect,  for  the  present  data  to  be  associated- with  thruster  firing, 
however,  requires  that  some  sort  of  delayed-  reaction  or  response  time  be  inferred 
-a  seemingly  plausible  concept.  But- the  apparent  response  time  involved  i-snot 
manifested  in  any  constant  manner.  The  topmost  spectrum  of  figure  3,  for  example, 
shows  a-Sharp  drop  in  flux  levels  approximately  2 seconds  after  thruster  firing 
ceased  while  the  middle  spectrum,  shows  a delay  of  13-14  seconds  before  a similar 
response  is  observed.  Additional  illustration  of  this  is  seen  in  figure  4 which 
shows  three  individual  spectra  taken  during  a common  nighttime  period.  The  lowest 
spectrum  shown  (C)  was  completely  free  of  thruster  firing  during  its  measurement 
and  for  a period  of  15  minutes  prior  to  that.  The  topmost  spectrum  (A)  was  taken 
following  a period  of  moderate  thruster  activity  and.  in  one  during  which  there  was 
nearly  continuous  firing  of  all  six  vernier  thrusters.  The  middle  spectrum  (B)  was 
taken  immediately  following  this  but  represents  a largely  thruster-free  measure- 
ment; firing  occurred  during  the  very  early  (low  energy)  segment  of  this  spectrum 
and  then  ceased  for  all  data  points  taken  above  3.4  eV.  This  spectrum  seems  to 
indicate  a tendency  to  return  to  the  normal  lower  nighttime  flux  levels,  but  has 
not  reached  this  point  some  50  seconds  after  thruster  firing  ceased.  These  ap- 
parent variations  in  response  time,  therefore,  tend  to  obscure  the  possible 
association  of  thruster  firings  with  data  perturbations. 

An  enhanced  view  of  the  steep  thermal  tail  below  2 eV  is  seen  in  the  spectrum 
of  figure  5.  This  suggests  that  the  generally  negative  (1-3  volts)  vehicle  pot- 
ential had  decreased  or  gone  positive  at  this  time,  allowing  more  of  the  very  low 
energy  electrons  to  enter  the  analyzer,  thu_  allowing  more  of  this  tail  to  be 
observed.  This  is  supported  by  independent  measurements  from  a comp_anion  experi- 
ment (ref.  2),  the  data  from  which  indicates  a vehicle  potential  of  about  +0.8 
volts  at  the  time  this  spectrum  was  taken_ 

That  thruster  firings  may  contribute  to  higher  flux  levels  is  consistent  with 
the  data  shown  next  in  figure  6.  This  relates  to  a 35  second  orbital  maneuvering 
system  (OMS)  burn  which  occurred  during  this  period.  The  OMS  employs  the  same 
hypergolic  reeaction  as  described  for  the  thrusters  except  that  each  of  the  two 
engines  in  this  system  generates  6000  pounds  of  thrust  as  compared  to  only  24 
pounds  for  each  of  the  vernier  thrusters.  This  figure  shows  two  typical  individual 
spectra,  the  lower  of  which  was  taken  prior  to  the  OMS  burn,  and  the  upper  taken 
during  and  immediately  after  the  burn.  Only  a little  over  two  minutes  separated 
these  individual  spectra  in  time  and  yet  a difference  of  an  order  of  magnitude  or 
more  is  seen  in  the  flux  levels. 

A substantial  number  of  spectra  were  obtained  while  the  shuttle  was  in  a 
bottomto-th e-sun  attitude  and  while  these  were  almost  exclusively  daytime  data, 
their  flux  levels  were  among  the  lowest  of  the  flight.  Typically,  these  spectra 
were  indistinguishable  from  nighttime  measurements.  It  seems  likely  that  the  term 
"bottom-to-the-sun"  can  explain  these  low  fluxes:  There  was  almost  certainly  large 
numbers  of  solar  photoelectrons  being  generated  at  the  sunlit  bottom  surfaces  of 
the  wings  and  fuselage  during  these  periods.  The  subsequent  trajectories  of  these 
electrons  would  largely  be  governed,  exclusive  of  collision  processes,  by  the  geo- 
magnetic field  lines.  And  no  matter  what  the  orientation  of  these  lines,  it  seem 
unlikely  that  many  of  these  electrons  could  migrate  into  the  shuttle  bay  area  and 
enter  the  acceptance  cone  of  the  analyzer. 
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There  was  little  or  no  thruster  activity  during  all  measurements  of  this  mode  and 
there  was  very  little  variation  between  individual  spectra  obtained  during  these 
periods;  this  is  again  consistent  with  the  possible  correlation  data  perturbations 
and  thruster  firing.  There  was  a passage  from  day  to  night  in  the  10  minute  bottom- 
to-the-sun  run  illustrated  in  figure  7 which  did  not  appear  to  have  any  effect  on 
spectra  except  at  very  low  energies.-  This  is  an- averaged  spectrum  but  it  very 
closely  represents  all  those  obtained,  bath  day  and  night,  except  for  the  1-3  eV 
region  where  an  enhanced  view. of  the  thermal  tail  again  appears.  The- maximum  data— 
point  for  this  tail  was  a factor  of  2 or  more  higher  than  shown  in  this  averaged 
spectrum,  and- was  fairly  constant  in  the  daytime  spectra,  following  eclipse, 
this  dropped  immediately  by  a factor  of  8 to  10  and  remained  quite  constant  in  all 
of  the  night  spectra.  This  again  suggests  a diminished  vehicle  potential  and, 
again,  this  was  supported  by  the  independent  measurements  of  reference  2.  It  also 
indicates  the  influence  of  daytime  solar  photoelectrons  on  the  low  energy  (1-3 
eV)  region  of  these  spectra  but  not  elsewhere  which,  ir  turn,  indicates  the 
influence  of  collis.>n  processes  since  most  of  these  electrons  must  have  come  from 
the  sunlit  side.  Note  also  that  the  data  points  in  the  extreme  low  energy  region 
of  this  spectrum  are  seen  to  be  reduced  substantially  below  the  maximum  point,  an 
effect  observed  in  all  the  spectra  of  this  run.  This  was  due,  almost  certainly, 
to  geomagnetic  shadowing.  The  orientatin  of  the  geomagnetic  field  lines  throughout 
the  run  was  toward  the  aft  quarter  and  downward  with  respect  to  the  vehicle,  or  to 
the  right  and  downward  with  respect  to  the  analyzer  look  direction.  This  means 
that  some  electrons  spiraling  about  field  lines  in  trajectories  that  would  nor- 
mally bring  them  within  the  acceptance  cone  of  the  arvalyzer  could,  in  some  cases, 
be  intercepted  by  vehicle  or  payload  components  and  thus  be  lost  to  collection. 

The  lower  energy  electrons  are  most  vulnerable  to  such- shadowing  effects  because 
of  their  shorter  Larmor  radii.  In  the  case  of  the  high  termal  tail  seen  earlier 
in  which  no  such  effect  was  observed,  the  field  lines  were  oriented  to  the  left, 
or  forward,  and  above,  where  no  vehicle  or  payload  components  existed  to  obstruct 
the  electron  paths. 

Figure  8 shows  a spectrum  typical  of  all  those  obtained  during  two  of  these 
bottom-to-th e-sun  periods.  These  were  daytime  measurements  during  which  there 
were  no  thruster  firings  and  virtually  no  difference  between  individual  spectra. 

Note  the  valley-like  structure  in  the  2-4  eV  region.  This  feature  was  present 
in  all  spectra  of  these  two  consecutive  runs  and  is  strongly  suggestive  of  the 
N2  vibrational  excitation  energy  loss  mechanism  (the  nitrogen  bite-out)  mention- 
ed earlier  as  a characteristic  of  ambient  spectra  below  200  km.  This  would  not 
be  expected  to  appear  in  ambient  spectra  at  the  shuttle  altitude  (300  km).  But 
if  sufficient  N2  were  present,  the  mechanism  that  produces  this  structural 
feature  should  prevail.  Residual  N2  from  the  MMH/N2O4  thruster  reaction  might 
possibly  have  provided  this.  The  question  of  why  this  feature  was  seen  only  in 
these  data,  but  seen  consistently  throughout  them,  has  no  immediate  answer. 

SUMMARY/CONCLUSIONS 

Undoubtedly,  the  most  remarkable  feature  of  these  measurements  is  the  rel- 
atively flat  spectral  distribution  of  higher  energy  electrons  which  was  consist- 
ently observed  but  remains  essentially  unexplained.  And  while  the  data  asso- 
ciating quantitative  electron  flux  excursions  with  thruster  and  OMS  firings  can 
be  considered  pursuasive,  it  cannot  be  considered  conclusive  based  on  these  data 
alone.  The  data  do  seem  conclusive  in  indicating  that  locally  generated  solar 
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photoelectrons  contribute  substantially  to  the  daytime  electron  environment  of 
the  shuttle*  Other  observed  departures  from  the  general.  characteristics  of  these 
spectra  also  lend  themselves  to  explanations  as,  for  example,  geomagnetic  shadowing 
or  the  N2  bite-out  mechanise.  And  the- occasional  enhanced  observations  of  the 
steep  thermal  tail  is  probably  explained  by  departures  in  vehical  potential-  levels. 
Many  questions  remain,  however.  A reflight  of  this  experiment,  modified  as  earlier 
described*  should  provide  very  useful  additional-data  and,  possibly,  some  answers.- 
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Fig.  1 Examples  of  typical  ambient  electron 
spectra,  obtained  under  conditions  of 
minimal  contamination,  for  comparison 
with  shuttle  measurements. 
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Fig.  2 Electron  energy  spectrum  typical  of  all 
shuttle  measurements.  The  paramount 
feature  is  the  relatively  flat  distrib- 
ution for  energies  greater  than  50  eV 
out  to  the  highest  measured.  The  coord 
inates  of  all  figures  showing  shuttle 
spectra  are  common  to  facilitate  comp- 
arisons between  them. 
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Fig.  3 Individual  spectra  from  day-night  meas- 
urement period  showing  daytime  fluxes 
considerably  higher  than  those  of  night- 
time spectra.  Data  point  excursions 
and  their  possible  correlation  with 
thruster  firings  ere  discussed  in  the 
text 
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Fig.  7 Bottom- to-sun  spectrum  representative  of 
those  obtained  during  day-to-night  meas- 
urement period.  Beyond  about  3 eV  there 
was  no  day /night  difference  in  any  of 
these  spectra..  A diminished  but  constant 
vehicle  potential  coincided  with  an  en- 
hanced view  of  the  thermal  tail,  the  max- 
imum point  of  which  was  seen  to  drop 
rapidly  following  eclipse.  The  effect 
of  geomagnetic  shadowing  is  also  seen  in 
the  extreme  low  energy  region. 
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Fig.  8 2-4  eV  spectral  structure  suggestive  of 

the  N2  vibrational  excitation  energy  loss 
mechanism. 
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Results  are  presented  from  a preliminary  laboratory  Investigation  of  the 
degradation  of  the  widely  used  polylmlde  Kapton  under  oxygen. Ion  bombardment. 
Recent  space  shuttle  flights  have  shown  that  Kapton  and  some  other  materials 
exposed  to  the  apparent  "ram"  flow  of  residual  atmosphere  (at  orbital  velocity 
la  low  Earth  orbit)  lose  mass  and  change  their  optical  properties.  It  has 
been  hypothesized- that  these  changes  are  caused  by  chemical  Interaction  with 
atomic  oxygen,  aided  by  the  5-eV  Impact  energy  of  atmospherJx_jaxygen  atoms  In 
the  ram. 

In  the  laboratory  Investigation  the  atomic  oxygen  flow  was  simulated  by  a 
flow  of  oxygen  Ions.  The  Ions  were  generated  by  a discharge  In  a microwave 
resonant  cavity,  accelerated  and  decelerated  electrostatically,  and  Impacted 
on  Kapton  targets  In  a high  vacuum.  Tests  were  also  performed  using  a non- 
reactlve  gas,  argon.  In  place  of  the  reactive  oxygen.  Oxygen-bombarded  samples 
showed  a loss  of  material  and  a change  In  optical  properties  very  similar  to 
those  of  samples  returned  by  the  Space  shuttle.  Scanning  electron  microscope 
photographs  of  the  oxygen- ion-bombarded  samples  also  showed  structures  strongly 
resembling  those  of  samples  from  the  shuttle.  Argon-bombarded  samples  showed 
no  significant  material  loss  or  change  of  optical  properties  or  surface  struc- 
ture under  SEM. 

All  bombarded  samples  showed  changes  In  surface  composition  when  examined 
by  low-energy  windowless  energy  difference  X-ray  analysis  (EDAX)  and  Auger 
spectroscopy.  Oxygen-bombarded  samples  showed  an  apparent  decrease  In  surface 
carbon  as  compared  with  pristine  samples,  whereas  argon-bombarded  samples 
showed  a variable  Increase  In  surface  carbon,  depending  on  where  the  samples 
were  located  In  the  argon  *on_beam.  These  changes  are  attributed  to 
sputtering. 

The  reaction  rate  under  Of  bombardment  seemed  to  be  Independent  of  Inci- 
dent energy  over  a wide  range  of  energies.  Although  the  flux  of  thermal  Ions 
In  this  experiment  was  much  greater  than  the  accelerated  flux,  the  observed 
Kapton  degradation  was  limited  to  the  beam  area  and  ram  flow  direction.  This 
Is  consistent  with  an  activation  energy  above  the  thermal  energies  but  well 
below  the  beam  energies. 

The  results  reproduce  well  the  material  loss,  optica;  changes,  SEM  surface 
structure,  and  "ram"  directionality  of  the  samples  returned  by  the  shuttle. 
These  factors,  along  with  the  lack  of  degradation  under  argon  Ion  bombardment, 
are  convincing  evidence  for  ram  flow  oxidation  as  the  mechanism  of  degradation. 
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INTRODUCTION  - 

Kapton  and  other  materials.  (such  as  carbon  coatings  and  paints)  undergo 
weight  loss  and  surface  degradation  in  low  Earth  orbit  (ref,  1).  Kapton,  a- 
polytmlde  with  wide  applications  In  spacecraft  technology,  experiences- surface 
roughening  on  micrometer  length  scales,,  a change  in  surface  appearance  from  a 
glossy  transparency  to  a milky  translucence,  a los.5  In  weight,  and  changes  In 
Its  optical  properties-  These  changes,  first  noted  on  the  early  space  shuttle 
flights  (ref.  1),  have  Important  Implications  for  conducting  extended  opera- 
tions using  Kapton  In  low  Earth  orbit.  Kapton  has  been  used  for  thermal  con- 
trol coatings  and  electrical  Insulation  and  has  been  proposed  as  a flexible 
substrate  for  large  solar  arrays  because  of  Its  excellent  temperature  stability* 
extremely  low  surface  conductivity,  and  flexible  strength.  It  Is  Important  to 
know  the  mechanism  for  deterioration  In  low  Earth  orbit  so  that  Kapton  can  be 
modified,  coated,  .or  replaced  with  other  materials  In  critical  applications. 

It  has  been  suggested  that  Interaction  with  the  residual  atomic  oxygen 
atmosphere  Is  the  mechanism  of  degradation  (ref.  1).  The  major  atmospheric 
constituent  at  shuttle  altitudes  Is  atomic  oxygen.  Each  atom  of  oxygen 
Impacts  an  orbiting  vehicle  with  an  energy  of  about  8xl0~19  J (5  eV),  equiva- 
lent to  the  Impact  energy  of  thermal  atoms  at  about  60  000  K.  High- temperature 
oxidation,  about  which  Tittle  Is  known,  may  then  be  the  reaction  leading  to 
mass  loss-,  change  of  surface -properties,  etc. 

Although  oxidation  Is  a likely  hypothesis  as  the  mechanism  of  degradation, 
other  possibilities  exist.  The  mass  loss  might  be  due  to  low-energy  sputter- 
ing;, for  example.  It- Is  well  known  that  sputtering  thresholds  for  metals  seem 
to  be  higher  than  the  Impact  energies  of  atoms  and  molecules  In  low  Earth  orbit 
but  such  thresholds  have  never  been  measured  for  complex  organic  materials. 
Also,  chemical  reactions  with  other  species  abundant  In  low  Earth  orb1t,_such 
as  molecular  nitrogen,  could  not  be  excluded  out  of  hand. 


GOALS  AND  APPROACH 

It  Is  desirable  to  understand  the  mechanism  of  the  orbital  Interaction  of 
Kapton  and  other  materials  with  atomic  oxygen,  to  see  whether  the  Interaction 
Is  chemical  or  sputtering  In  nature,  to  determine  reaction  rates  and  tempera- 
ture and  energy  dependences,  to  Investigate  the  possibility  of  Interfering  with 
the  Interaction  through  the  use  ot  protective  coatings  or  other  materla-ls,  and 
to  develop  techniques  for  testing  materials  before  flight.  At  Lewis  Research 
Center  It  was  decided  to  attempt  the  simulation  of  conditions  In  low  Earth 
orbit  In  order  to  Investigate  these  matters-.  Since  It  Is  difficult  to  accel- 
erate neutral  atomic  species  to  orbital  energies,  It  was  decided  to  use  accel- 
erated Ions  In  the  Lewis  simulation.  It  Is  clear  from  work  on  sputtering 
(ref.  2)  that  charge  exchange  with  the  surface  can  occur  long  before  the  momen- 
tum exchange,  so  that  by  the  time  the  reaction  energy  Is  Imparted  by  the 
incoming  Ions,  they  may  be  Identical  to  neutral  atoms  for  chemical  purposes. 

Thus  an  attempt  was  made  to  simulate  the  Impact  conditions  In  low  Earth 
orbit  by  acceleration  and  Impact  of  oxygen  and  other  Ions.  Then  the  exposed 
specimens  were  analyzed  and  the  results  compared  with  those  reported  from 
shuttle  flight  experiments  and  other  laboratory  simulations.  Reaction  rates 
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and  surface  compositions  were  found,  finally,  an  attempt  was  made  to  understand 
the  laboratory  results  and  to  see  what  light  they  might  shed  on  the  flight 
results  and  on  the  reaction  mechanism  In.  order  to  simulate*  understand,  and 
suggest  ways  to  control  the  react  1on-4n_low  Earth  orbit. 


EXPERIMENTAL  PROCEDURE  — 

For  the  preliminary  results  reported  herein,  a tunable  microwave  resonant 
cavity  (fig.  1)  was  used  to  dissociate  and  Ionize  technical  grade  (99.5  per- 
cent) oxygen  gas.  The  gas  was  leaked  Into  a glass  container  within  the  micro- 
wave  cavity  and,  after  Ionization,  was  accelerated  electrostatically  to  Impact 
samples  of  Kapton.  The  experiment  was  done  In  vacuum  tank  8 of  the  Electric 
Propulsion  Laboratory  at  Lewis.  Tank  8 Is  a horizontal  circular  cylinder  about 
1 meter  In  radius-  and  4 meters  In  length.  Tank  pressures  were  maintained  by 
diffusion  pumps  at  about  1.3x10*2  Pa  (10-4  torr)  during  beam  operation  and 
at  about  1.3xl0~4  Pa  (10* 6 torr)  with  the  beam.  off.  The  help  of  Shlgeo 
Nakantshl  of  Lewis  was  Invaluable  In  obtaining  the  experimental  results 
reported  herein. 

The  microwave  cavity  used  a maximum  of  100  W of  radiation  at  a frequency 
of  2450  MHz.  The  cavity  was  electrically  biased  at  a voltage  of  approximately 
800  V,  and  the  accelerating  grid  (made  of  molybdenum  that  was  glass  coated  on 
one  side)  was  biased  to  approximately  -200  V.  The  Ion  beam  produced  was  about 
5 cm  In  diameter  and  diverged  as  It  traversed  the  space  between  source  and 
samples.  A typical  oxygen  flow  rate  Into  the  microwave  cavity  was  about 
4.2xl0"7  m3/s  (25  standard  cm3 /min) . 

The  Kapton  samples  were  supported  by  a strip  heater  with  attached  thermo- 
couples. Source-to-sample  distance  was  TO  cm  for  some  trials  and  23  cm  for 
others.  The  samples  were  within  5 cm  of  the  axial  beam  center.  The  plasma 
mean  free  path  In  all  cases  was  longer  than  the  lource-to-sample  distance. 

The  beam  was  decelerated  for  some  samples  by  biasing  the  aluminum  backing  to 
retarding  potentials  of  up  to  1000  V.  The  heater  strip  was  Insulated  from  the 
samples  by  two  layers  of  2.5xl0~3-cm-th1ck  ( 1 -ml  1 ) Kapton  tape  and  from  the 
tank  wall  by  a fiberglass  mounting  beam.  All  wires  In  the  cavity  were  covered 
with  Teflon  tubing  to  reduce  glow  discharges  In  the  tenuous  gas. 

A retarding  potential  analyzer  (RPA)  that  could  be  swung  Into  and  out  of 
the  beam  was  used  to  determine  the  beam  current  density.  Typical  RPA  current: 
were  185  yA,  which  when  divided  by  the  RPA  area  of  13.4  cm3  gives  an  average 
central  beam  current  density  of  about  14  yA/cm3.  The  beam  was  spectroscopi- 
cally analyzed  with  a G.5~m  Jarrell-Ash  spectrometer  with  0.01-nm  resolution. 
The  spectrum  shows  that  most  of  the  beam  consisted  of  singly  Ionized  atomic 
oxygen,  although  lines  of  neutral  atomic  oxygen  were  prominent  near  the  sample 
distance  because  of  their  greater  radiative  lifetimes.  Equilibrium  floating 
potentials  on  the  heater  strip  while  the  beam  was  In  operation  were  measured 
on  the  thermocouple  wires  to  be  In  the  range  400  to  500  V. 

While  the  oxygen  beam  was  operating,  a faint  white  glow  extended  about 
5 ram  In  front  of  Impacted  surfaces.  Behind  the  sample  holder  a distinct 
greenish  tinge  could  be  seen  In  the  diffuse  glow  of  the  beam.  The  white  glow 
can  be  attributed  to  continuum  radiation  from  oxygen  recombination  at  the 
surface.  The  green  glow  appears  spectroscopically  (ref.  3)  to  be  from  the 
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first  negative  bands  of  0£,  which  one  suspects  are  caused  by  Ionization  of  the 
recombined  oxygen  by  the  4rop1ng1..g  Ion  beam. 

Table  l gives  the  parameters  of  the  Lewis  preliminary  feasibility  studies, 
fluxes  were  calculated  from  RP/t  currents  and  estimated  beam- divergence  and 
total  fluence  was- calculated  from  fluxes  and  exposure  times.  In  each  case,  the 
expected  thermal  flux  of  neutral  oxygen  was  greater  than  the  Ion  flux  In  the 
beam,  and  yet  degradation  occurred  only  In  areas  where  the  beam  actually  struck 
the  samples.  Thus  the  Impact  energy  must  be  Important  to  the  degradation. 


RESULTS  AND  ANALYSIS 

Visual  Inspection  of  the  bombarded  surfaces  showed  that  where  the  oxygen 
beam  had  struck,  the  smooth,  yellow  transparent  surface  of  the  Kapton  had 
changed  to  a milky  yellow  translucence.  Argon  bombarded  samples  at  the  same 
low  fluence  showed  no  such  change,  only  a thin  transparent  metallic  film  that 
EDAX  showed  to  be  molybdenum  sputtered  from  the  uncoated  side  of  the  accelera- 
tor grid.  Under  oxygen  bombardment,  shadowed  regions  of  the  Kapton  tape  sur- 
rounding the  sample  holder  showed  no  degradation,  non  did  areas  outside  the 
beam.  In  one  case  (11/24/82)  the  Kapton  tape  In  the  center  of  the  beam  showed 
a total  loss  of  Kapton,  with  only  the  sticky  silicone  adhesive  remaining.  The 
aluminum  back  sides  of  argon-bombarded  sample  strips  were  scorched  and  black- 
ened near  the  edges.  EOAX  later  showed  this  to  be  a thin  molybdenum  coating, 
again  presumed  to  be  sputtered  from  the  accelerator  grid. 

Under  the  scanning  electron  microscope  the  oxygen-bombarded  samples  had  a 
carpetllke  texture,  with  structures  about  1 urn. and  smaller.  They  looked  quite 
similar  to  samples  returned  by  STS  flight*  (fig.  2 from  ref.  4).  In  contrast, 
pristine  samples  and  argon-bombarded  samples  of  Kapton  were  smooth  at  all 
magnifications. 

Also,  under  a scanning  electron  microscope,  an  Indication  was  obtained 
that  the  surface  conductivity  of  Kapton  was  changed  by  Ion  bombardment.  Both 
oxygen-  and  argon-bombarded  samples  retained  their  surface  charge  (as  made 
visible  b*  changes  In  magnification)  for  much  shorter  times  than  did  the  pri- 
stine control  sample.  It  Is  not  clear  whether  the  change  In  surface  conduc- 
tivity was  due  to  the  presence  of  sputtered  contaminants  or  In  part  to  changes 
In  surface  composition. 

Low-energy  EOAX  analysis  of  the  samples  was  undertaken  with  the  valued 
assistance  of  Paul  Aron  of  Lewis.  The  Instrument  used  had  a windowless 
detector,  which  allowed  very  low-energy  electrons  to  be  used.  Although  EDAX 
at  Mgh  energies  (2.4xl0~15  J,  or  15  keV)  showed  the  presence  of  aluminum, 
silicon,  and- molybdenum  In  the  bombarded  samples  (presumably  sputtered  from 
the  accelerator  grid  and  tank  wall  fixtures)  and  their  absence  In  the  pristine 
samples,  this  was  of  limited  usefulness  In  analyzing  the  change  In  surface  com- 
position of  the  Kapton.  Pristine  Kapton,  being  an  extremely  good  Insulator, 
will  acquire  a charge  through  loss  of  secondary  electrons  for  Incident  electron 
energies  above  about  2.4x10"^  0 (1.5  keV).  Thus  the  pristine  standard  would 
see  EDAX  electrons  of  a different  energy  than  those  seen  by  the  more  conductive 
Ion-bombarded  samples. 


Furthermore,  electrons  of  2.4xl(H5  J (15  keV)  energy  have  a mean  free 
path-  in  Kapton  of  about  6, 4x10"*  cm  (0.25  mil)  , which  makes  bulk  composition 
and  geometrical  effects  (due  to  the  texture  of  the  oxygen-bombarded  surface) 
Important  In-  the  analysis.  For  these  reasons  FQAX  at  Incident  energies  of 
1-,6x1Q“N*  J (1.0  keV)  was.  undertaken.  At  thH  energy  the  mean  free  path  o£ 
electrons  In.  Kapton- should  be  about  7.6x  10"s  cm  (0.03  mil).  This  would 
insure  that  the  true  surface  composition  would-be  measured,  allowing  only  for 
shadowing  oh  the  X-ray  counts  from  textured  surfaces. 

By  faking  mass  attenuation  coefficients  and  fluorescence  yields  from 
Robinson  (ref.  5)  and  assuming  a 3 percent  metallic  mass  fraction  from  sput- 
tered metals,  the  relative  carbon,  nitrogen,  and  oxygen  abundances  at  the  sur- 
face could  be  determined.  Table  II  summarizes- of  the  present  results  on 
samples  at  different  COAX  electron  energies.  The  composition  measured  with  the 
1.0-keV  energy  was  significantly  different  from  the  pristine  Kapton  used  as  a 
calibration  for  both  oxygen-  and  argon-bombarded  samples. 

These  results  are  Insensitive  to  errors  In  the  total  count  rate,  electron 
penetration  depth,  and  percentage  of  metals  assumed,  largely  because  the  pene- 
tration depth  Is  so  small  that  there  Is  less  than  20  percent  absorption  for 
X-rays  from  any  species.  The  composition  obtained  from  the  EDAX  analysis  can 
be  compared  with  that  which  would  occur  If  pristine  Kapton  l"st  40  percent  of 
Its  carbon  atoms  (normalizing  to  C,  N,  and  0 only):  59.4  percent  C,  10.1 

percent  N,  and  30.5  percent  0.  This  suggests  that  the  major  change  In  com- 
position of  the  surface  was  a severe  loss  of  carbon.  Since  the  electron 
penetration  depths  at  energies  of  4 and  15  keV.  were  so  much  larger,  a loss  of 
carbon  only  near  the  surface  was  also  consistent  with  the  measurements  made  at 
those  energies. 

An  Auger  analysis  of  other  samples  done  by  Ink  Gordon  and  R.  Hoffman  of 
Case  Western  Reserve  University  and  communicated  to  us  has  confirmed  these 
results  for  oxygen  bombardment  (severe  loss  of  carbon)  but  was  quite  variable 
for  argon  bombardment.  It  may  be  concluded  that  the  surfaces  of  the  oxygen- 
bombarded  samples  suffered  a severe  carbon  loss,  but  for  the  argon -bombarded 
samples  the  situation  Is  more  complicated.  For  argon  bombardment,  composition 
changes  may  be  due  to  selective  sputtering  (ref.  6);  for  oxygen  bombardment, 
beam  deceleration  may  have  made  sputtering  unlikely.  Since  chemical  Inter- 
action was  Indicated  at  any  rate  as  the  source  of  surface  damage  In  oxygen 
bombardment,  the  major  chemical  change  appeared  to  be  oxidation  of  carbon  on 
the  surface,  which  then  evolved  as  gaseous  carbon  monoxide  or  dioxide,  leaving 
a carbon-depleted  surface.  This  hypothesis  Is  consistent  with  the  reported 
rapid  loss  of  pure  carbon  coatings  In  low  Earth  orbit  (ref.  7). 

The  surface  of  the  oxygen- bombarded  samples  became  quite  soft  (easily 
scratched);  abraded  sections  lost  their  milky  translucence  and  became  yellow 
and  transparent,  much  like  the  pristine  samples.  Because  no  visible  amount  of 
material  was  left  on  the  scratching  Implement,  the  change  of  optical  properties 
was  probably  Indicative  only  of  a change  In  surface  structure. 

The  Indices  of  refraction  of  the  samples  were  measured  by  elllpsometry. 

The  elllpsometer  used  a He-Ne  laser  of  wavelength  632.8  nrfi  and  had  a resolution 
of  ~0.1°  In  polarizer  and  analyzer  angle.  Despite  some  difficulty  In  keeping 
the  samples  flat,  repeatable  measurements  were  obtained,  with  the  following 
results:  although  the  pristine  samples  were  very  similar  In  optical  properties 
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to  their  aluminum  backing  (which  proved  to  be  coated  by  a thin  film  Itself), 
the  Ion-bombarded  samples  were  significantly  different  from  their  aluminum 
backing.  The  reaJ  and- Imaginary  parts  of  the  index  of  refraction  are  given  In 
table  III. 

The  variation  with  position  on  the  argon  bombarded- samp.le  can  be  ascribed 
to  variations  In  the  amount  of  sputtered  molybdenum  on  the  Surface  at  differ- 
ent points.  Position  2 closely  resembled  the  apparent  optical  properties  of- — 
the  pristine  sample. 

Although  the  samples  were  aluminum  backed,  optical  measurements  were 
probably  not  heavily  Influenced  by  the  aluminum  backing  because  the  surfaces 
of  the  oxygen- bombarded  samples,  and  In  particular  of  sample  2,  were  Quite 
opaque.  These  optical  values  are  probably  not  Intrinsic  to  oxidized  Kapton 
Itself  but  are  Indicative  of  the  values  as  changed  by  the  surface  structure, 
as  discussed  by  fenstermaker  and  McCrackln  (ref-.  8). 

At  the  laser  wavelength  (632.8  nra)  and  angle  of  Incidence  (70°)  used,  no 
specular  reflection  was  observed  for  sample  2.  The  observed  change  In  reflect- 
ance of  the  oxidized  Kapton  may  be  due  to  the  peculiar  surface  structure  shown 
In  the  SEM  photographs,  which,  when  disturbed  by  scratching,  reverted  to  the 
optical  properties  of  smooth  Kapton. 

An  attempt  to  calibrate  the  beam  Intensity  by  the  changed  optical  proper- 
ties of  argon- bombarded  samples,  as  described  In  Mlrtlch  and  Sovey  (ref.  9), 
failed  because  of  the  thin,  sputtered  molybdenum  film  deposited  In  the  present 
experiment. 

Mass  loss  from  the  Kapton  films  was  evident  from  the  complete  loss  of 
material  In  the  beam  center  In  one  trial.  An  estimate,  from  the  depth  of 
material  removed  and  the  measured  beam  fluxes,  of  the  mass  loss  rate  from  two 
trials  Is  given  In  table  IV.  The  apparent  mass  loss  rates  were  much  higher 
than  those  (~3.72.xl0--24  g/0  atom)  from  shuttle  experiments  (ref.  10).  This 
may  be  due  to  reactions  In  f>e  tank  with  thermal  oxygen  atoms  and  molecules, 
which  had  a much  greater  flux  against  the  sample  than  did  the  Ion  beam.  The 
absence  of  reactions  outside  tue  beam  area  can  be  explained  If  the  activation 
energy  for  the  reactions  Is  assumed  to  be  supplied  only  by  the  energetic  Ions 
In  the  beam.  Table  V gives  calculated  reaction  rates  per  thermal  collision  In 
the  tank,  assuming  the  Ideal-gas  law  and  pure  oxygen  at  the  tank  pressure. 

These  rates  are  consistent  with  those  found  on  the  shuttle  and  lend  further 
credence  to  the  hypothesis  that  ;:he  laboratory  reaction  Is  the  same  as  that 
occurring  In  orbit. 


SUMMARY  AND  INTERPRETATION  OF  RESULTS 

The  following  aspects  of  the  shuttle- returned  samples  were  reproduced  In 
the  Lewis  Ion  beam  experiments: 

(1)  Visual  appearance 

(2)  SEM  surface  structure 

(3)  Change  from  specular  to  diffuse  reflection 

(4)  Directionality  (ram  dependence) 


4/ 
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In  addition,  the  mass  loss,  would  have  been  consistent  with  rates  seen  In  orbit 
If  ambient  thermal-  gas  in  the,  experiment  could  share  in  the  activation  energy  . 
supplied  by  the  beam. 

The  following  findings  were  new. to  this  experiment  and  suggest  further 
tests  oh-the  shuttle  samples: 

(1)  Reduced  scratch  resistance  of  surface 

(2)  Loss  of  carbon  from  surfaces 

(3)  Enhanced  surface  conductivity 

(4)  Confirmation  that  chemistry  is  involved  in  surface  structure  changes 

The  structures  seen  on  0+-bombarded  Kapton  surfaces  seemed  to  be  responsible 
for  the  change  in  specular  reflectivity.  In  addition,  the  loss  of  carbon  sug- 
gested that  these  surface  structures  may  have  been  produced  by  oxygen  preferen- 
tially attacking  certain  bonds  in  the  polymer.  The  bonds  that  are  probably 
attacked  most  readily  are  the  C-N  bond  (E  = 3.2  eV),  the  C-0  bond  (E  * 3.7  eV), 
and  the  C-C  bond  (E  = 3.8  eV)  (ref.  11),  all  with  energies  below  the  apparent 
Impact  energy  of  atomic  oxygen  in  low  Earth  orbit.  Breaking  the  C-N  and  C-0 
bonds  breaks  the  polymer  chain,  weakening  the  material  and  allowing  penetra- 
tion of  succeeding  oxygen  atoms  deeper  into  the  plastic.  Furthermore,  suc- 
ceeding breaks  of  the  C-C  bonds  can  allow  oxidation  of  the  dangling  carbon, 
leading  to  a volatile  product  and  mass  loss. 


CONCLUSIONS 

It  is  encouraging  that  this  simulation  of  low-Earth--orbi.t_cond1t.1ons  using 
0*  ion  beams  succeeded  in  qualitatively  reproducing  all  of  the  observed 
characteristics  of  the  interaction  of  Kapton  with  the  Earth's  atmosphere  in 
'pace  shuttle  flights.  Oxidation  Is  undoubtedly  responsible,  as  opposed  to 
sputtering  or  reaction  with  other  species,  since  simulation  with  0*  was 
successful  and  high-energy  Impact  by  an  inert  gas  did  not  produce  the  observed 
characteristics  of  samples  returned  from  orbit.  It  may  be  possible  to  test  a 
variety  of  materials  for  reactivity  and  quantitative  mass  loss  rates  by  using 
0+  ion  beams- in  the  laboratory. 

Regardless  of  the  specific  chemical  reaction  Involved,  it  has  already  been 
found  that  other  materials  are  minimally  reactive  or  nonreactive.  It  may  be 
possible  to  retain  the  desirable  characteristics  (radiation  resistance, 
electrical  resistance,  strength,  flexibility,  and  high-temperature  stability) 
of  Kapton  for  use  as  a substrate  by  coating  It  with  less  reactive  films. 

Oxygen  ion  beam  bombardment  is  a feasible  method  of  testing  such  new  materials 
before  using  them  in  space.  Much  work  remains  to  be  done  at  Lewis  and  else- 
where in  testing  materials  and  clarifying  the  reactions  that  take  place. 
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TABLE  I.  - PARAMETERS  OF  PRELIMINARY  FEASIBILITY  STUDIES 


Date 

Thickness, 

mils 

Material 

Ion  T~  Flu* 

1 cnf‘s“* 

F 1 iience, 
cm"? 

Impact  energy 

Sample  temperature 

Pressure 

J 

eV 

K 

*F 

Pa 

torr 

11 /24/82 

1 

Kapton  tape 

0* 

(6-l.?)xl014 

I.3xl018 

(0-1300)xl0"19 

0-800 

450-500 

350-440 

1.7xlO*2 

1.3xl0'4 

12/08/8Z 

1/2.  1.  3. 

Al -backed 
Kapton 
Al-backed 
Kapton 
Al-backed 
Kapton 

o+ 

(2-3)xl013 

2.1xl017 

(0-80)*!0-19 

0-50 

304-309 

88-96 

1.2xl0~2 

9.?xl0"9 

12/09/82 

1/2.  1.  3, 

0* 

(2-3)xl013 

2.4xl017 

(<50)xl0-19 

<30 

344 

160 

1.6xl0*2 

1.2xlO'4 

12/22/82 

1/2.  1,  3. 
and  5 

Ar+ 

...... 

(3-4)xl013 

5.?xl017 

H704)xl0"19 

1065 

311-347 

100-165 

5.6xlO'3 



4.3xl0~b 

88 


TABLE  II.  - PERCENTAGE  BY  WEIGHT  OE  ELEMENTS 
C,  N,  AND  0 

[Assumes  3 percent  metals,  normalized  to 
C ♦ N ♦ 0 = 100.0.] 


(a)  Argon  bombardment  (E  ® 1.6x10"^®  0, 
or  1000  eV) 


E lectron  energy  ] 

Element 

Element 
content, 
wt  Z 

Pure  Kapton 
content, 
wt  % 

J 

keV 

1.6xKT16 

1.0 

C 

58.1 

71.1 

N 

8.5 

7.2 

0 

33.4 

21.6 

6.4xl0"16 

4.0 

C 

66.9 

71.1 

N 

6.5 

7.2 

0 

26.5 

21.6 

2.4xlO*15 

15.0 

C 

72.8 

71.1 

N 

6.6 

7.2 

0 

20.6 

21.6 

(b)  Oxygen  bombardment  (E  < 4.8;:10"1®  0, 

or 

30  eV) 

1.6xld-16 

1.0 

C 

61.2 

71.1 

N 

7.0 

7.2 

0 

31.8 

21.6 

6.4xl0-16 

4.0 

C 

70.4 

71.1 

N 

7.1 

7.2 

0 

22.4 

21.6 

2.4xlO'16 

15.0 

C 

66.8 

71.1 

N 

8.6 

7.2 

0 

24.6 

21.6 

TABLE  III.  - COMPLEX  INDICES  OF 
REFRACTION  FROM  ELLIPSOMETRY 


Ion 

Sample 

n (real) 

K (imaginary) 

°! 

1 

1.16 

*-0.22 

0+ 

2 

2.72 

-0.34 

Ar+ 

l(position  1) 

2.4*0. 4 

-0. 8*0.6 

Ar* 

l(position  2) 

1.0*0. 3 

2. 2*0.1 

Pristine 

0. 5*0.2 

l. 9*0.1 

aErrors  for  the  oxygen-bombarded  samples 
are  <0.1  in  both  parts  of  the  index  of 
refraction. 


TABLE  IV.  - DERIVED  RATES  OF  REACTION  ASSUMING 
ONLY  OXYGEN  ION  BEAM  REACTION 


Date 

0*f luence, 
cm”2 

Rate, 
g/0+  ion 

Method 

11/24/82 

12/09/82 

1.3X1018"1 

17 

2A*10U 

>2.8xl0‘22 

j5xl0'22 

Total  loss  of  1-mil  layer 
SEM  photographs 

TABLE  V.  - OERIVED  REACTION  RATES 
ASSUMING  AMBIENT  OXYGEN  REACTIONS 


Date  | 

Thermal 
f luence 

Reaction  rate, 
g/collision 

11/24/82 

12/09/82 

-1.9xl021 

~9.4xl020 

>2xl0‘25 

ilxlO"25 
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ELECTRON  BEAM  CHARGIN6-QF  SPACE  SHUTTLE  THERMAL  PROTECTION-SYSTEM  TILES 


John  V.  stasEus- 

National  Aeronautics  and  Space  Administration 
Lewis  Research  Center 
Cleveland , Ohio  44  L35 


Six  space  shuttle  reusable  surface  Insulation  tiles  were  tested  In  the  NASA 
Lewis  Research  Center's  electron  bombardment  test  facility.  The  30-cm-square 
specimens  were  assembled  by  using  the  same  materials  and  techniques  used  to 
apply  the  tiles  to  the  space  shuttle  and  were  composed  of  15-cm-  and  20-cm- 
square  tiles  and  pieces  on  0.6-cm-thlck  aluminum  substrates.  There  were  two 
specimens  of  each  of  three  thicknesses.  One  specimen  of  each  thickness  had 
gaps- of  les-s  than  0.1  cm  between  tiles,  and  the  other  had  gaps  of  approximately 
0.15  cm.  The  specimens  were  exposed  to  monoenergetlc  electron  beams  (2  to 
25  keV)  with  nominal  fluxes  of  0.1  and  1 nA/cm^.  Tests  were  conducted  with 
both  grounded  and  floating  substrates.  The  data  presented  Include  charging 
rates,  equilibrium  potentials,  and  substrate  currents.  There  Is  evidence  that 
discharging  occurred. 


INTRODUCTION 

The  advent  of  polar  orbit  space  shuttle  missions  has  raised  new  concerns 
about  spacecraft  charging  - concerns  formerly  associated  with  high-altitude 
( 1 . e . . geosynchronous)  satellites.  Charging  of  dielectric  materials  by  multl- 
kllovolt-energy  electrons  can  cause  arc  discharging,  which  may  result  In  rf 
noise  that  can  Interfere  with  communications  and  may  Induce  voltage  transients 
In  the  electrical  system  that  can  upset  or  damage  low-level  electronic  circuit- 
ry. At  the  request  of  the  Air  Force  Geophysics  Laboratory  and  with  specimens 
supplied  by  the  NASA  Johnson  Space  Center  low-keV  electron  beam  charging  tests 
were  conducted  In  the  electron  bombardment  test  facility  at  the  NASA  Lewis 
Research  Center. 

Tests  conducted  previously  at  the  Rome  Air  Development  Center  Investigated 
the  response  of  shuttle  tile  materials  to  electron  beams  with  energies  from 
10  keV  to  1 MeV  (ref.  1).  In  that  work  dlscharges-were  detected  as  current 
pulses  to  a substrate.  This  work  Investigated  the  charging  behavior  of  surface 
Insulation  tiles  from  the  shuttle's  thermal  protection  system  (described  In 
refs.  2 to  4-)  when  subjected  to  monoenergetlc  electron  beams  with  energies  of 
2 to  25  keV. 


TEST  SPECIMENS 

The  test  specimens  provided  by  Johnson  consisted  of  0.6-cm-thlck  by  30-cm- 
square  aluminum  plates  with  shuttle  tile  pieces  attached.  The  materials  and 
techniques  used  were  the  same  as  those  used  to  apply  the  tiles  to  the  space 
shuttle.  There  were  two  specimens  of  each  of  three  thicknesses  (1-1/4  cm, 
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2-1/2  cm,  and  5 cm).  The  thinnest  tiles  (20  cm  square)  were  white  and  the 
others  (IS  cm  square)  were  hlack.  One  specimen  of  each  thickness  had  gaps  of 
less  than  0.1  cm  between  tile  pieces  and  the  other  had  gaps-  of  approx Imately 
0.15  cm.  Each  specimen  contained  at  least  one  full  uncut  tile.  Most  of  the 
tile  pieces  had  3x5  dot  matrix  Identification  code  characters  stenciled  on 
them  - black  on  the  white  tiles  and  yellow  on  the  black  tiles ^ The  5-cm-thick 
specimen  with  large  gaps  had.  a filler  material  that  appeared- to  be  folded  glass 
fabric  In.  the  gaps,  with  the  fold  at  the  exposed  surface.  Figures  l to  9 show 
edges  and  faces  of  the  six.  specimens.  Capacitances  measured  from  a conductive 
sheet  placed  on  the  tiles  to  the  aluminum  substrate  were  approximately  75  pF 
for  the  l-l/4-cm-thlck  tile  specimens,  50  pF  for  the  2-1/2  cm  thick  specimens, 
and  30  pF  for  the  5-cm-thlck  specimens. 


CONFIGURATION  AND  TESTS 

The  specimens  were  tested  Individually  In  the  2-m-long  by  2-m-dlameter 
electron  bombardment  test  facility  (ref.  5).  They  were  mounted  approximately 
1.2  m from  the  electron  source  with  the  specimen's  face  normal  to  the  source- 
target  axis.  The  substrate  was  supported  on  Luclte  posts  so  that  tests  could 
be  conducted  with  the  substrate  floating  as  well  as  grounded.  In  the  grounded 
substrate  configuration  an  electrometer  was  used  to  monitor  substrate  current 
collection.  The  edges  and  rear  of  the  substrate,  which  were  not  covered  with 
shuttle  tiles,  were  covered  with  Kapton  to  minimize  the  substrate's  collection 
of  particles  other  than  the  beam  electrons  Intercepted  by  the  Irradiated 
surface. 

The  capacitance  measured  between,  the  substrate  and.  Its  vacuum,  chamber  envi- 
ronment was  approximately  20  pF.  This  would  also  be  an.  upper  limit  to  the 
capacitance  expected  between  the  exposed  tile  face  and  the  chamber  environment 
In  parallel  with  the  30-  to  75-pF  capacitance  across  the  tile  to  the  substrate. 

Noncontacting  electrostatic  voltage  probes  were  used  to  measure  potentials 
across  the  tile  surface  and  on  the  substrate  when  It  was  floating.  For  early 
tests  a single  probe  was  available  and  was  swept  across  the  tile  surface  at  a 
separation  of  approximately  0.2  cm.  When  the  substrate  was  floating,  a small 
patch  of  metal  connected  to  the  substrate  was  placed  In  the  path  of  the  probe 
In  order  - monitor  the  substrate's  potential.  The  patch  was  shielded  from 
direct  Intv  :ept1on  of  beam  electrons,  but  the  substrate  was  less  well  Isolated 
from  other  particles  In  Its  environment.  For  later  tests  a second  probe  con- 
tinuously monitored  the-substrate  from  behind. 

The  tests  consisted  of  exposing  the  specimens  to  monoenergetlc  electron 
beams  of  2-,5-,10-,15-,20-,  and  25-keV  energy  with  nominal  fluxes  of  0.1  and 
1 nA/cm^.  The  data  presented  herein  consist  of  current  to  the  specimen  sub- 
strate read  with  an  electrometer,  potential  profiles  across  the  sample  obtained 
by  periodically  sweeping  a noncontacting  voltage  probe  across  the  specimen's 
face,  and  time-exposure  photographs  of  the  Irradiated  surface  made  with  a cam 
era  located  outside  one  of  the  vacuum  chamber  windows. 


RESULTS 

A typical  test  began  with  exposure  of  the  specimen  to  the  electron  beam 
while  the  voltage  probe  was  sweeping  across  the  tile  surface.  This  gave  an 
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Indication- of  the  charging  rate  of  the  uncharged  surface  during  the  Initial 
seconds-  of  exposure.  A single  point  on  the  surface  could  not  he  monitored 
continuously  as  the  presence  of  the  voltage  probe  would  shield  that  point  from 
charging  by  the  electron  beam.  Generally  the  tile  surface  was- charged  to 
nearly  Its  equilibrium  potential  in  less  than  1 min  fjtom  the  time  of  initlat 
exposure.  Figure  10  Illustrates  the  charging  behavior.  It  shows  the  charging 
of  one  of  the  thinnest,  highest  capacitance  specimens  for  two  electron  beams 
with  order -of -magnitude  different  fluxes.  As  would  be  expected,  there  Is  ap- 
proximately an  order-of -magnitude  difference  in  the  time  taken  to  reach  a given 
potential  in  the  two  beams.  Figure  11  presents  the  equilibrium  surface  poten- 
tials as  a function  of  beam. energy  for  the  six  specimens.  The  range  of  poten- 
tials observed  across  a specimen's  surface  Is  Indicated  by  symbols  joined  with 
a vertical  line.  The  charging  of  the  tile  surfaces  to  within  2 kV  of  the  ueam 
accelerating  potential  suggests  that  the  secondary  electron  emission  coeffi- 
cient's second  crossing  of  unity  occurs  at  approximately  2 kV  (ref.  6). 

Table  I presents  the  substrate  currents  for  the  six  specimens  at  the  ends  of 
the  tests. 

An  Interesting  observation  made  In  some  of  the  tests  was  that  the  potential 
of  the  dot  matrix  characters  on  the  tile  was  sometime!,  greater  than  the  beam 
accelerating  potential.  This  could  conceivably  occur  If  the  secondary  electron 
coefficient  of  the  character  paint  were  sufficiently  less  than  that  of  the  sur- 
rounding tile.  The  characters  wouid-  rapidly  charge  negative  relative  to  the 
surrounding  tile.  Then  If  the  charging  rate  of  the  surrounding  tile  were  rapid 
enough,  the  potential  difference  between  the  characters  and  tile  could  be  main- 
tained, carrying  the  characters-  to  potentials  greater  than  the  beam  accelerat- 
ing potential.  This  kind  of  behavior  has  been  observed  In  the  charging  of 
dielectrics  on  metal  Tic  substrates  that  were  Initially  grounded  and  then  per- 
mitted to  float  (ref.  7). 

Figure  12,  a 15-mln  time-exposure  photograph  for  a 25-keV,  1-nA/cm2  Irradi- 
ation, shows  the  optical  evidence  of  discharging  that  takes  place  on  the  tile 
surfaces  with  the  substrate  grounded.  The  activity  was  not  visible  to  the  eye 
and  was  not  apparent  In  the  substrate  current  being  monitored.  The  fuzzy  Illu- 
mination along  the  gaps  between  tiles  was  barely  evident  in  the  photograph  made 
at  15  keV  and  T nA/cm2  but  became  brighter  with  Increasing  beam  energy. 
Fifteen-minute  time  exposures  made  with  the  electron  flux  at  0.1  nA/cm2  do  not 
show  the  discharging  along  the  gaps.  Photographs  with  an  order-of-magnltude 
longer  exposure  were  not  attempted  since  the  discharging  activity  was  not  the 
only  source  of  light  In  the  chamber:  the  electron  gun,  though  designed  to 

minimize  It,  produced  a low  level  of  Illumination.  The  activity  along  the  tile 
gaps  could  be  reduced  by  Inserting  a dielectric  barrier  In  the  gap,  as  was  done 
with  the  1-1/4-cm-thlck  specimen  having  the  wide  gaps  between  tiles.  Figure  T3 
shows  the  locations  of  the  barrier  materials  as- well  as  time-exposure  photo- 
graphs made  before  and  after  addition  of  the  barriers. 

Results  from  tests  with  the  substrate  floating  seem  to  Indicate  that  the 
discharging  was  dependent  on  the  potential  difference  across  the  tile  from  Its 
exposed  face  to  Its  substrate.  In  all  of  those  tests,  the  one  specimen  that 
did  not  exhibit  the  optical  evidence  of  discharging  was  the  one  for  which  that 
potential  difference  never  exceeded  3 kV.  The  other  five  specimens  produced 
evidence  of  discharging  In  the  15-  to  25-keV  beam  energy  range,  where  the 
surface-to-substrate  potential  difference  usually  exceeded  10  kV.  Some  photo- 
graphs showed  discharging  taking  place  along  the  outer  edges  of  the  specimens 
as  well  as  along  the  gaps  between  tiles.  None  of  the  photographs  Indicated 
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anything  taking  place  away  from  the  edges  neat  the  center  of  any  uncracked 
tile  or  segment  of  tile.  Figure  14  shows  the  potentials  as  a function  of-beam 
energy  for  the  Si*  speclmeas-.tested-wlth  their  substrates  ^ Jeatlng. 

An  experiment  was  conducted  In  which  an  edge  of  one  of  the  thickest  speci- 
mens was.  Irradiated.  One -half— of  the  edge  had  the  hard  boros tlicate  glass  skin 
of  the  finished  edge  of  a tile  and-the  other  half  had  the  exposed  low-density 
silica  fiber  bulk  tile  material  of  a tile  that  had  been  cut.  The  specimen  was 
positioned  so  that  the  voltage  probe  swept  across  both  materials  as  far  as  3 cm 
away  from  the  grounded  substrate.  Figure-  15  presents  the  surface  potentials 
observed  as  a function  of  beam  energy.  The  borostllcate  material  charged  to 
potentials  observed  in  the  earlier  testing.  The  silica  fiber  material  charged 
to  no  mare  than  13  percent  of  the  beam  accelerating  potential  for  any  test  and 
is  probably  the  result  of  high  secondary  electron  emission  (ref.  1). 

Figure  16,  a time-exposure  photograph,  shows  glowing  silica  fiber  material  and 
discharging  In  or  across  the  nylon  fiber  strain  Isolation  pad  (SIP)  located 
between  the  tiles  ano  the  grounded  aluminum  substrate. 

When  the  substrate  was  permitted  to  float,  the  borosilicate  surface  charged 
to  the  same  potentials  as  before.  The  silica  fiber  material  became  somewhat 
more  negative  than  when  the  substrate  was  grounded  but  was  now  positive  with 
respect  to  the  substrate  - the  substrate  being  nearly  as  negative  as  the  boro- 
slllcate  surface.  Figure  17  shows  the  potentials  as  a function  of.  beam  energy, 
and  figure  18  Is  a time-exposure  photograph  showing  little  discharging  In  or 
across  the  SIP.  Time-exposure  photographs  made  Immediately  following  the 
25-keV  exposure  gave  no  Indication  of  continuing  activity  after  the  electron 
beam  was  turned  off.  However,  in  the  tests  with  the  substrate  grounded  the 
electrometer  sensitivity  was  Increased  after  the  electron  beam  was  turned  off, 
and  a non-exponential-decaying  positive  current  was  detected  as  well  as  posi- 
tive current  spikes  whose  frequency  of  occurrence  decreased  with  time.  The 
current  read  Immediately  after  electron  beam  turnoff  was  approximately  0.4  nA, 
decaying  to  0.04  nA  at  160  s and  to  0.004  nA  at  925  s. 


CONCLUDING-REMARKS 

When  subjected  to  monoenergetlc  electron  be  is,  the  space  shuttle  thermal 
protection  system  tiles  rapidly  charged  to  potentials  about  2 kV  less  In  magni- 
tude than  the  beam  accelerating  voltage.  This  is  Indicative  of  a secondary 
electron  emission  coefficient  second-crossover  potential  of  approximately  2 kV. 
Optical  evidence  of  surface  discharge  activity  was  produced  for  beam  energies 
of  15  keV  and  greater  and  Is  concentrated  along  gaps  between  tiles  and  cracks 
In  the  glass  skin.  The  intensity  of  the  actlity  appeared  to  be  dependent  on 
the  potential  difference  between  the  exposed  tile  surface  and  the  tile's  sub- 
strate. Evidence  of  discharging  was  not  seen  when  that  potential  difference 
was  3 kV  or  less.  Placing  a barrier  of  hlgh-voltage-lnsulatlng  material  such 
as  Kapton  or  Teflon  In  the  gaps  between  tiles  reduced  the  discharging  along  the 
gaps.  The  potential  achieved  on  the  bulk  tile  material  durln*  1'e  edge  Ir- 
radiation were  quite  low  and  suggest  that  the  silica  fiber  material  has  a high 
secondary  electron  emission  yield  In  contrast  to  the  highly  insulating  glass 
skin.  In  addition,  discharge  activity  was  detected  to  occur  at  a decaying 
rate  after  the  electron  Irradiation  source  was  turned  off. 
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Figure  12.  - Time  exposure  of  discharging  along  shuttle  tile  gaps. 
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Figure  13.  - Barrier  strips. 
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(c)  Specimen  C.  (II  Specimen  F. 

Figure  14  - Potential  as  a (unction  of  beam  energy  - floating  substrate. 
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figure  15.  - Surface  potential  as  a function  of  beam  energy  - substrate 
grounded. 
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Figure  16.  - 15-Minute  time  exposure  . 
of  edge-irradiated  specimen  - substrate 
grounded  Beam  energy.  25  keV:  flux. 
1 nA/cm2. 


Figure  17.  - Potential  as  a function  of  beam  energy  - substrate  floating. 


Figure  18.  - 15-Minute  time  exposure 
of  edge-irradiated  specimen  - substrate 
floating.  Beam  energy,  25keV:  flux, 

1 nA/cm2. 
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SPACECRAEJ-ENVIRONMENT  INTERACTION  - THE  ENVIRONMENTAL P1ASMA  ASPECT 


Url.  Samir* 

University  of  Michigan 
Arm.  Arbor,  Michigan  48109 

Israel 


The  knowledge  and  understanding  of  the  interactions  between  an  "obstacle" 
and  a space  plasma  are  fundamental  to  space  plasma  physics  and  are  essential 
to  space  plasma  diagnostics,  In-sltu  data  Interpretation,  and  spacecraft 
charging.  The  obstacle  can  be  a natural  body  moving  In  the  solar  system  (t.e., 
a.  planet  or  a moon.)  or  an  artificial  obstacle  (l.e.,  a spacecraft  orbiting  the 

Earth  or  any  other  planet  or  moon).  Artificial  obstacles- consist  of  rockets, 

satellites,  space  Shuttle,  space  station,  etc. 

The  effects  Involved  In  the  Interaction  between  an  obstacle  and  a space 
plasma  can  be  divided  Into 

(1)  Effects  on  the  obstacle  Itself  (l.e..  Its  charging) 

(2)  Effects  on. the  environmental  pTasma  due  to  the  motion  of  the  obstacle 
( 1 ►e . , the  creation  of  shocks  ahead  of  the  obstacle  and.  complicated 
wakes  behind  the  obstacle).  In  the  wake  (or  antlsolar  direction), 
plasma  oscillations  are  exclted-and  Instabilities,  wave-particle 
Interactions,  turbulence ^_etc. , are  believed  to  take  place. 

The  effects  on.  the  obstacle  and  on  the  environmental  space  plasma  are  coupled. 
Hence,  simultaneous  solutions  to  the  Vlasov  (or  Boltzmann)  and  Poisson  equa- 
tions are  sought.  To  obtain  realistic  solutions  of  practical  use,  three- 
dimensional  and  time-dependent  models  of  the  Interaction  are  needed. 

Achieving  the  latter  Is  Indeed  not  simple. - 

The  point  should  be  made  that  experimental  and  theoretical  work  of 
practical  Interest  (e.g..  In  low  Earth  orbit)  can  serve  as  model -experiments 
of  a wider  scope  of  Interest  and.  Importance  In  space  plasma  physics  and  In 
astrophysics  (e.g.,  Falthammar  (1974),  Samir  and  Stone  (1980),  and  Podgorny 
and  Andrljanov  (1978)).  This  will,  of  course,  require  the  use  of  qualitative 
scaling  (Falthammar  ( 1 974)  and  Samir  and  Stone  (1980)). 


EXPERIMENTAL  AND  THEORETICAL  THERMAL  PLASMA  RESULTS  - STATUS  REPORT 

In-sltu  experimental  results  regarding  the  distribution  of  low-energy  Ions 
and  electrons  around  Ionospheric  satellites  In  the  altitude  range  250<H<3000  km 
are  available  In  the  open  literature.  For  recent  brief  review  papers  on  this 


♦Presently  NRC/NAS  Senior  Associate  at  the  Space  Science  Laboratory,  NASA 
Marshall  Space  Flight  Center,  Huntsville,  Alabama  35812. 
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subject  we  cite  Samir  (1981)  and  Samir  and  Stone  (1980).  Unfortunately,  most 
of  these  results  are  limited  to  the  very  near  vicinity,  of  the  satellite  since 
most,  of  the  relevant  measurements  were  made  by  probes  flush  mounted  on  the  sur- 
face of  the  satellite.  Although  significant  results  were  obtained  which 
enhanced  our  Knowledge  and  understanding  of  the  Interaction,  more  extensive- 
spatial  regions  ahead  and-behlnd  the  satellite  have. to  be -researched. 


In^sltu  result*  were  compared,  with  the  theoretical-models,  of  Gurevich  et 
al.  (1970)*  Parker  (1976),  and  Call  (1969.).  Results  of  such  comparisons  are 
given-in  Samir  and  Fonthelm  (1981),  Samir  (.1981),  and  Samir  and  Stone  (1980). 

It  Is  our  understanding  that  studies  along  similar  lines  are  now  being  per- 
formed by  the  S-CUBEO  group  (Parks  et  al.  (1983)).  The  main  conclusion  from 
these  studies  Is  that  except  for  specific  cases  there  Is  no  quantitative 
agreement  between  theory  and_exper1ment  for  unmanned,  low-altitude,  small 
Ionospheric  satellites.  The  recent  resu-lts  from  the  space  shuttle  mission 
STS-3/Columbla  known  to  the  author  have  not,  unfortunately,  yielded  thermal 
plasma  Information  which  can  be  used  In  a meaningful  theory-experiment  com- 
parison. It  Is  possible  that  the  wave  data  (Shawhan  and  Murphy  (1983))  may 
yield  new  relevant  Information. 

More  recently  the  distribution  of  H*  and  He*  Ions  around  the  DE-A 
magnetospherlc  satellite  at  H « (1,  4-3) RE  (RE  » radius  of  the  Earth)  have 
been  examined  (Samir,  Comfort,  and  Chappell  (1983)).  This  study  extends  the 
range  of  plasma  parameters  vis-a-vis  earlier  studies  and  Is  expected  to  be 
useful  In  magnetospherlc  physics  and  astrophysics.  The  wake  of  art-auroral 
sounding  rocket  In.  the  altitude  range  120  to  320  km  was  studied  by  Bering 
(1983).  The  comments- made  in  this  paper  should  be  of  Interest  and  direct 
relevance  to  the  Interpretation  of.  parallel  electric  field  measurements  at  low 
altitudes. 

Effects  Involved  In  the  charging  aspect  of  the  Interaction  were  studied 
extensively  In  situ  and  In  the  laboratory.  A large  effort  was  also  devoted  to 
theoretical  modeling.  Recent  review  papers  regarding  this,  aspect  of  the 
Interaction  were  published  by  Whipple  (1981)  and  Garrett  (1981)  and  will  not 
be  further  discussed  here.  One  point  should,  however,  be  made,  namely,  that 
In  order  to  get  realistic  solutions  for  * from  El  » 0,  the  distribu- 
tion of  charge  around  a spacecraft  has  to  be  reliably  known.  Th4s  Includes 
time-dependent  effects,  wave-particle  Interactions,  Instabilities,  and 
turbulence. 

To  overcome  the  limitation  mentioned  above,  where  measurements  are 
restricted  to  the  very  near  vicinity  of  the  spacecraft,  multibody  systems  or 
multiprobe  systems-are  needed.  Mother-daughter  concepts  as  well  as  shuttle- 
tether  systems  are  applicable  (Samir  and  Stone  (1980)  and  Williamson  et  al. 
(1982)).  The  first  time  a multibody  system  was  used  to  perform  wake  measure- 
ments was  In  the  Gemlnl-Agena  10  mission  (Troy  et  al.  (1970)).  The  recent 
measurements  of  the  thermal  plasma  environment  of  the  STS-3/Columbla  shuttle 
mission  (Raltt  et  al.  (1983))  yielded  Initial  results  some  of  which  are  In 
general  accord  with  measurements  and  predictions  obtained  earlier  from 
unmanned  Ionospheric  satellites.  Raltt  et  al.  (1983)  concludes  that  "thermal 
plasma  probes  mounted  on  the  space  shuttle  orblter  are  not  a very  good 
arrangement  to  obtain  measurements  of  the  ambient  Ionospheric  thermal  plasma." 
This  conclusion  Is  not  surprising  and  Indicates  that.  In  order  to  study  the 
Interaction  of  a spacecraft  with  Its  environment,  multibody  systems  are  needed. 
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In  addition  to  tn-situ  data,  there  are  laboratory  measurement*  which  are 
directly  relevant  to  spacecraft-environment-  Interaction.  In  Stone  (1981a, b) 
and  Stone  and  Samir  (1981 available  results,  for  thermal  plasmas  are  reviewed, 
lit  latrlllgator  and  Steele.  (1982,  1983),  similar  studios,  were,  performed  for 
high-energy  beams  and- an. attempt  was  made  to.  apply  them- to  the  Venusian  wake. 
Other -relevant  comments  are  given  In  Eselevich_(1983) . 


EXPANSION  OF  A PLASMA  INTO  A VACUUM 


In  a recent  review  paper  (Samir  et  al.  (1983))  the  Interaction  between  an 
obstacle  and  a rarefied  space  plasma  was  examined  versus  the  phenomena  and 
physical  processes  Involved  In  the  expansion  of  a plasma  Into  a vacuum.  This 
Is  a new  approach  based  on  theoretical  and  experimental  work  done  In  fusion 
research.  Briefly,  the  basic  processes  Involved  in  the  expansion  are  (1)  the 
propagation  of  a rarefaction  wave  Into  the  unperturbed  or  ambient  plasma  and 
the  existence  of  Jump  discontinuities  (Gurevich  and  Meshcherkln  (1981a))  at 
the  front  of  the  rarefaction  wave,  (2)  the  acceleration  of  Ions  to  high  veloc- 
ities (l.e.,  to  velocities  reaching  the  order  of  the  electron  thermal  speed  In 
the  ambient  plasma)  by  the  transfer  of  energy  from  the  Infinite  reservoir  of 
ambient  thermal  electrons,  (3)  the  existence  of  an  ion  front,  and  (4)  the 
excitation  of  plasma  oscillations  and  Instabilities  over  several  spatial  loca- 
tions In  the  vacuum  region.  The  Intensity  of  these  processes  depends  on  the 
specific  Ionic  constituents  and  their  relative  concentrations  In  the  ambient 
plasma  (Gurevich  et  al.  (1973)  and.  Singh  and  Schunk  (1982,  1983)),  as  well  as 
on  the  ambient  electron  temperature,  the  normalized  characteristics  length, 
and  the  nature  of  the  density  gradient  at  the  plasma-vacuum  Interface. 
Theoretical  results  showing  the  distribution  of  Ions,  electrons,  and  electric 
fields  In  the  vacuum  region  are  given  in  Gurevich  and  Pitaevsky  (1975), 
Gurevich  and  Meshcherkln  (1981b)),  and  Singh  and  Schunk  (1982,  1983). 

The  point  to  be  made  is  that  the  wake  behind  an  obstacle  can  be  approxi- 
mated by  a vacuum  region  Into  which  the  ambient  plasma  expands.  Intrlllgator 
(1983)  suggests  that  structural  patterns  similar  to  those  predicted  In  the 
plasma-expansion  (Samir  et  al.  (1983))  may  exist  in  the  Venusian  wake. 


REMARKS  AND  CONCLUSIONS 


(1)  Despite  the  fact  that  the  Interaction  between  a spacecraft  and  Its 
environmental  plasma  Is- of  fundamental  Interest  and  Importance  to  science  and 
technology  alike,  relatively  few  experimental  results  are  available  at  the 
present  time.  This  Is  particularly  so  for  the  angular  distribution  of  charge 
and  potential  around  a spacecraft  orbiting  the  Earth. 

(2)  Reliable  phenomenological  knowledge  and  In-depth  physical  unde^s;inl 
Ing  of  the  structure  of  the  close  and  far  regions  surrounding  a spacecraft  art 
needed  In  order  to  test  models  describing  the  entire  Interaction. 

(3)  To  achieve  the  above  objective,  well-conceived  In-sltu  and  laboratory 
experiments  are  needed.  Such  experiments  cannot  be  byproducts  of  geophysical 
measurements  only. 
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(4)  future  1n-sttu  measurements  can  best  be  performed  by  using  multlbody 
and  multiprobe  systems.  The  space  shuttle  with  Its  capability  of  ejecting  and 
capturing  small  satellites-  is  a sal-table  space  platform  for  such  Investigations. 
Another  facility,  adequate  for  performing  relevant  experiments  Is-  the  shuttle- 
tether  system.-  Numerous,  combinations  exist  by  which  very  meaningful  scientific 
and  technological  experiments  can  be  performed  by  using  the  space  shuttle  (or 
any  other  large  space  platform)  and  ejectable  multiprobe  systems. 

(5)  By  adopting  a wider  scientific  viewpoint  and  considering  the  phenom 
ena  Involved  In  the  expansion  of  a plasma  Into  a vacuum,  an  attempt  can  be 
made  to  preceed  toward  a UNIFIEO  perception. of  the  Interaction  between  an 
obstacle  and  a space  plasma. 


REFERENCES 

Bering,  E.  A.  (1983),  3.  Geophvs.  Res..  88,  961. 

Call,  S.  M.  (1969),  Report  No.  46,  Plasma  Laboratory,  Columbia  Unlvu,  N.Y. 

Eselevlch,  V.  G.  (1983),  Plan.  Space  Scl. . 31,  615. 

Falthammar,  C.  6.  (1974),  Space  Science  Rev..  15,  803. 

Garrett,- H.  B.  (1981),  Rev.  Geophysics  and  Space  Physics.  19(4),  577. 

Gurevich,  A.  V.,  L.  P.  Pltaevsky  and  V.  V.  Smirnova  (1970),  Soviet  Physics/ 
Usoekhl . 99,  595. 

Gurevich,  A.  V.  and  L.  P.  Pltaevsky  (1975),  Prog.  Aerospace  Scl..  16,  227. 

Gurevich,  A.  V.  and  A.  P.  Meshcherkln  (1981a).  Soviet  Phvslcs.  J.E.T.P..  53. 
937.  ~~ 

Gurevich*  A.  V.  and  A.  P.  Meshcherkln  (1981bL  Soviet  Physics.  J.E.T.P..  53. 

688. 

Intrlllgator,  0.  S.  and  G.  R.  Steele  (1982),  J.  Geophvs.  Res..  87,  6053. 

Intrlllgator,  0.  S. <1983),  Private  Communication. 

Parker,  L.  W.  (1976),  NASA  CR-144159. 

Parks,  D.  E.  (1983),  Private  Communication. 

Podgorny  and  AndrIJanov  (1978),  Plan.  Space  Scl..  26,  99. 

Raltt,  J.  W.,  0.  E.  Siskind,  P.  M.  Banks  and  P.  R.  Williamson  (1983), 
submitted  for  publication. 

Samir,  U.  and  N.  H.  Stone  (1980),  Acta  Astronautlca.  7,  1091. 

Samir,  U.  (1981),  Advances  1r.  Space  Res..  1,  373. 


106 


Samle,  U.  and  E.  G.  fonthelm  (1981),  Plan.  Space  Scl..  29,  975. 

Samir,  U.,  K.  H.  Wright  and  N,  H.  Stone  (19831.  Rev-.  Geophysics  and  Space 
P-hysIcs . In  press. 

Samir,  0.,  H.  Comfort ,_jnd  R.  Chappell  (1983),  In  preparation. 

Shawhan,  S.  0.  and  G.  Murphy  (1983) , Private  Communication. 

Singh,  N.  and  R.  W.  Schunk  (1982),  J.  ^eophvs.  Res..  87,  9154. 

Singh,  N.  and  R.  W.  Schunk  (1983),  Physics  of  Fluids.  26,  1123. 

Stone,  N.  H.  and  U.  Samir  (1981),  Advances  In  Space  Res. 

Stone,  N.  H.  (1981a),  J.  Plasma  Phvs..  25,  351- 

Stone,  N.  H.  (1981b),  3.  Plasma  Phvs..  26,  385. 

Troy,  B.  E.,  D.  B.  Medved  and  U.  Samir  (1970),  J.  Astronautlcal  Scl..  18(3), 
173. 

Whipple,  E.  C.  (A911),  Reports  on  Progress  In  Physics.  44»  1197. 

Williamson,  P.  R.,  W.  F.  Oenlg,  P.  M.  Banks  and  J.  W.  Raltt  (1982),  Artificial 
Particle  Beams  In  Space  Plasma  Studies,  (ed.,  B.  Grandal),  645. 


107 


' was -224 so 

ulRECT  MEASUREMENTS  OF  SEVERE  SPACECRAf-T  CHARGING-IN  AURORAE  IONOSPHERE 


IdL— J —fiurke , 0.  A.  Hardy,  F.  J.  Rich,  and  A.  G.  Rubin 
Air  Force  Geophysics  Laboratory 
Hanscom  Air  Force  Base,  Massachusetts  01731- 

M.  F.  Tautz 
Radcx  Inc. 

Carlisle,  Massachusetts  01741 

N.  A.  Saflekos*  and  H.  C.  Yeh 
Boston  College 

Chestnut  Hill,  Massachusetts  02167 


Hue  to  limitations  of  methods  commonly  used  to  detect  particles  and  plasmas  few 
examples  of  spacecraft  in  the  ionosphere  charging  beyond  a few  volts  appear  in  the 
literature.  This  impasse  has  been  overcome  with  the  launch  of  the  DMSP/F6  satellite* 
It  was  equipped  with  up-looking  detectors  to  measure  20  point  spectra  of  precipitat- 
ing ions  and  electrons  with  energies  between  30  eV  and  30  KeV,  once  per  second.  A 
generous  geometric  factor  for  the  ion  detector  allows  the  application  of  a technique 
regularly  used  to  identify  the  degree  of  charging  for  satellites  at  geostationary 
orbit.  The  Liouville  Theorem  can  be  used  to  show  that  a spacecraft  charged,  to  say, 
-100  V,  will  measure  no  positive  ions  in  energy  channels  < 100  eV.  Because  of  the 
acceleration  of  cold,  ionospheric  ions  by  the  spacecraft  potential  a large  count 
rate  should  be  seen  in  an  energy  channel  centered  near  100  V.  A preliminary  search 
of  early  DMSP  measurements  shows  that  such  charqing  peaks  frequently  appear  in  the 
vicinity  of  intense  inverted-V  structures.  An  example  that  closely  approximates  the 
"worst  case"  charqing  environments  derived  from  previous  DMSP  missions,  with  only 
electron  measurements  available  has  been  examined.  In  this  case,  with  the  satellite 
in  darkness,  peak  electron  fluxes  occurred  at  energies  of  10  keV  and  charqing  peaks 
were  observed  in  ion  energy  channels  up  to  ~65  eV.  The  fact  that  the  spacecraft 
was  charged  was  verified  using  the  SSIE  thermal  plasma  probe  on  the  same  vehicle. 
Calculations  indicate  that  dielectric  surfaces  in  the  wake  side  of  the  vehicle  charge 
to  many  times  this  number. 


* Present  address:  Southwest  Research  Institute,  Space  Physics  Section,  San  Antonio, 
TX  78284. 
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INTRODUCTION 


In- this- Symposium  we  are  addressing  questions  concerning  how  large  space  structures 
in  polar  orbit  will  interact  with  auroral  environments.  Because  spacecraft  charging 
at  ionospheric  attitudes  does  not  seriously  threaten  the  operation  of  today's  rela- 
tively small  polar  satelVites  the  subject  of  environment  interactions  has  not  received 
the  widespread  attention  given  to  it  at  geostationary  altitude.  As  a matter  of 
economics  it  is  desireable  for  us  to  apply  as  much  as  possible  of  what  we  have  learned 
about  spacecraft  interactions  at  geostationary  orbit  to  low  earth  orbits,  economics, 
however,  must  not  blind  us  to  real  differences  between  the  two  problems^ 

The  environment  at  auroral  latitudes  in  the  ionosphere  differs  from  that  encounter- 
ed at  geostationary  altitude  in  at  least  two  major  aspects. 

(1)  There  is  a large  reservoir  of  hiqh-density,  cold  plasma  which-  tends  to 
mitigate  charging  effects  by  providing  a large  source  of  charged  particles  from  which 
neutralizing  currents  maybe  drawn.  However,  since  Debye  lengths  in  the  ionosphere 
are  measured  in  centimeters  as  opposed  to  hundreds  of  meters  at  geostationary  altitude 
effective  current  collecting  areas  may  be  severely  limited.  Significant  wake  effects 
behind  large  structures  will  introduce  new  problems  with  differential  charging. 

(2)  Between  the  magnetic  equator  and  the  ionosphere,  auroral  electrons  frequent- 
ly undergo  field-aligned  accelerations  of  several  kilovolts  (ref.  1).  The  degree  to 
which- auroral , as  opposed  to  plasma  sheet,  electrons  deviate  from  isotropy  is  a com- 
plex function  of  the  electron's  energy  and  the  potential  distribution  along  magnetic 
field  lines  (ref.  2).  In  such  environments,  fluxes  of  energetic  protons  are  usually 
below  the  levels  of  instrumentation  sensitwity  (refs.  3 and  4). 

It  is  anticipated  that  polar-orbiting  shuttles  will  encounter  the  most  severe 
charging  environments  in  the  vicinity  of  westward  travelling  surges  and  near  inverted- 
V structures.  Westward  travelling  surges  occur  in  the  midnight  sector  during  the 
expansion  phases  of  substorins.  Substorm  onsets  are  frequently  marked  by  the  sudden 
brightening  of  the  equatorward-inost  arc  (ref.  5).  This  is  followed  by  a bulging  and 
rapid  poleward  expansion  of  active  arcs  in  the  midnight  sector  (ref.  6).  For  obser- 
vers on  the  ground  in  the  evening  sector  the  bulge  appears  on  the  eastward  end  of 
arcs  and  moves  quickly  toward  the  western  horizon.  Using  DMSP  satellite  imagery  and 
electron  flux  measurements  Meng  and  coworkers  (ref.  7)  constructed  a composite 
morphology  of  westward  travelling  surges  shown  in  Figure  1.  Bright  arcs  emanate  to 
the  west  (A)  and  to  the  east  from  the  equatorward  and  poleward  edges  of  the  bulge 
region,  respectively.  A myriad  of  arc-like  structures  are  embedded  in  the  bulge 
region  (C),  while  nonuniform  diffuse  auroral  precipitation  (D)  is  found  to  the  east 
of  the  bulge  and  equatorward  of  the  B arc. 

Differential  spectra  typical  of  downcoming  electrons  in  the  vicinity  of  surges 
are  shown  on  the  left  side  of  Figure  1,  In  region  A,  to  the  west  (evening  side)  of 
the  bulge,  spectra  are  similar  to  those  measured  over  quiet-time  arcs.  However,  the 
"monoenergetic  beams"  shift  to  higher  than  quiet-tine  values.  This  indicates  that 
stronger  field-aligned  potentials  occur  during  substorm  periods.  In  the  region  of 
the  poleward  arc  (region  B)  two  spectral  types  are  measured.  One  has  a shape  similar 
to  that  found  in  the  diffuse  aurora  (0)  but  with  lower  mean  energy.  The  second 
spectral  type  is  characterized  by  electrons  with  energies  of  100  eV  and  differential 
flux  levels  of  lO^/cm2  sec  Sr  keV.  The  spectral  shapes  indicate  that  field-aligned 
accelerations  in  regions  B and  D are  not  significant.  Within  region  C electron 
spectra  are  relatively  flat,  sometimes  out  to  the  high-energy,  measuring  limit  of 
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DMSP  spectrometers.  If,  as  suggested  by  the  "worst-case"  study  of  SCATHA's  environ 
dient  ,(ref ^ 8),  severe  charging  most  strongly  correlates  with  fluxes  of  electrons 
with  energies  in  the  several  tens-of-keV  regime,  then  region  C electrons  may  present 
the  most  severe  charging  environment  for  polar-orbiting  shuttles. 

Hazards  due  to  spacecraft  charging  of  large  space  structures  should  also  occur  in 
"inverted-V"  events.  The  term  inverted-V  was  first  used  to  describe  structures  that 
appear  in  energy-time  spectrograms  from  polar  orbiting  satellites  (ref.  3).  In  these 
structures  the  mean  energy  of  precipitating  electrons  rises  from  a few  hundred  eV  to 
several  keV  then  returns  to  a few  hundred  eV.  Often  the  electrons  have  Maxwellian 
distributions  characterized  by  a mean  thermal  energy  F0  that,  have  hewn  accelerated 
through  a field-aligned  potential  drop  % (ref.  9).  In  traversing  the  inverted-V, 

$0  increases  to  some  maximum  value  then  decreases.  In  the  evening  sector  4>0  can 
rise  to  over  10  kV.  The  danger  posed  by  inverted-V  precipitation  is  more  ubiquitous 
than  westward  travelling  surges.  Lin  and  Hoffman  (ref.  2)  showed  that  inverted-V 
events  occur  in  all  MLT  sectors  except  in  the  dayside  auroral  gap  (ref.  10). 

To  date,  all  investigations  of  inverted-V  structures  report  no  measurable  fluxes  of 
precipitating  protons.  This  limitation  more  likely  reflects  on  the  sensitivity 
of  proton  detectors  rather  than  on  a real  absence  of  proton  fluxes.  In  the  plasma 
sheet  protons  have  mean  thermal  energies  that  are  about  five  times  those  of  electrons. 
Some  protons  in  the  high  energy  tail  of  these  distriutions  should  be  sufficiently 
energetic  to  overcome  the  % potential  barrier  and  reach  the  ionosphere. 

Herein  lies  a serious  verification  problem  for  modelers  of  low-earth  orbit  space- 
craft charging.  It  is  rather  easy  to  specify  the  "worst  charqing  environment"  (ref. 
11).  However,  the  relatively  small  geometric  factors  on  positive  ion  detectors  flown 
to  date  on  polar  satellites  have  not  allowed  us  to  use  the  straight-forward  methods 
used  at  geostationary  altitudes  (ref.  8)  for  measuring  satellite  potentials  in  excess 
of  a few  volts.  In  only  one  case,  as  INJUN-5  passed  through  an  intense  inverted-V, 
has  a large  satellite  potential  been  measured  (ref.  12).  In  this  case  only  an  upper 
bound  of  -28V  could  be  directly  assigned. 

The  purpose  of  this  report  is  to  provide  information  for  interaction-modelers 
on  the  capabilities  of  a new  generation  of  charged  particle  spectrometers  now  flown 
on  DMSP  (Defense  Meteorological  Sate"!lite  Program)  satellites.  These  detectors, 
which  are  sensitive  to  downcoining,  positive  ions  with  energies  greater  than  30  eV, 
allow  the  direct  measurements  of  satellite  potentials  less  than  -30V.  The  following 
section  describes  the  plasma  and  particle  instrumentation  on  the  recently  launched 
DMSP/F6  satellite.  We  then  present  a detailed  analysis  of  measurements  taken  as  the 
satellite  passed  through  an  intense,  inverted-V  structure  in  the  midnight  sector  on 
10  January  1983.  The  discussion  section  compares  observational  measurements  of  the 
satellite  potential  with  the  predictions  of  a small-satellite  charging  model. 


INSTRUMENTATION 


DMSP  satellites  are  three  axis  stabilized  and  fly  in  sun-synchronous,  circular 
polar  orbit  at  ari  altitude  of  840  km.  Their  orbital  periods  and  inclinations  are 
are  101  minutes  and  98.75°,  respectively.  DMSP/F6  was  launched  in  late  December  1982 
into  an  orbit  near  the  dawn-dusk  meridian  with  an  ascendinq  mode  of  0612  LT.  The  two 
sets  of  detectors  of  interest  here  were  designed  to  monitor  variations  in  the  topside 
thermal  plasma  and  in  the  flux  of  precipitating  charged  particles. 


The  thermal  plasma  detector  (ref.  13,  14),  known  as  the  Special  Sensor  for  Ions  and 
Electrons  (SSIE)  consists  of  a spherica-1  Lanqmuir  probe  and  a planar,  retardinq 
potential  analyzer  (RPA).  Ihe  Lanqmuir  probe  consists  of  a 1.75"  diameter  collector 
surrounded  by  a concentric,  wire-mesh  qrid  of  2.25"  diameter.  It  is  mounted  at  the 
end  of  a 2-5'  riqid  boom.  The  sensor  operates  in  2 modes.  In  the  first  mode  the 
qrid  bias  is  held  at  a fixed  level  determined  by  groufld  command.  In  the  second  mode 
the  voltage  of  the  qrid  with  respect  to  satellite  ground  is  swept  to  determine  the 
thermal  electron  density  and  temperature-  The  mode  2 voltage  sweep  occurs  every  64  s 
and  lasts  for  10  s.  To  ensure  that  all  electrons  passing  through  the  qrid  are 
:ollected  the  collector  is  always  held  at  a potential  of  20  V above  that  of  the  grid.— 
Ourinq  Mode  1 operations  on  10  January  1983  the  grid-bias  was  fixed  at  +7. 8 V with 
respect  to  the  spacecraft  frame  potential. 

The  thermal  ion  detector  is  a retarding  potential  analyzer  (RPA)  that  consists  of 
a collector,  a supressor  grid,  a swept  qrid  and  an  aperture  grid.  The  aperture  grid 
is  circular  with  a diameter  of  1.0".  This  sensor  is  mounted  3/4  of  the  way  up  the 
2.5*  boon  with  an  outward  surface  normal  facinq  in  the  direction  of  the  satellite 
velocity.  The  RPA  also  operates  in  two  nodes.  In  Mode  1 the  retardinq  qrid  is  fixed 
at  satellite  potential  plus  a bias  potential  of  6.3V.  In  Mode  2 the  retarding  grid 
is  swept  from  -5  V to  12  V,  every  64  s.  From  the  shapes  of  the  current-voltage 
characteristics  obtained  during  Mode  2 sweeps  it  is  possible  to  determine  the  ion 
densities,  temperatures  and  relative  mass  concentrations.  Complete  descriptions  of 
the  SSIE  instruments  and  the  methods  of  data  reduction  and  analysis  have  been  written 
by  Smiddy  and  co-v.'orkers  (ref.  13)  and  by  Rich  and  co-workers  (ref.  14). 

The  energetic  particle  detector  on  DMSP/F6  are  designed  to  measure  the  flux  of 
downcominq  electrons  and  positive  ions  in  20  energy  channels,  loqrithmical ly  spaced 
between  30  eV  and  30  keV.  Both  the  electron  and  ion  detectors  consist  of  two  curved 
plate  electrostatic  analyzers.  The  aperatures  of  the  analyzers  always  face  toward 
local  vertical.  Thus,  at  auroral  and  polar-cap  latitudes  they  detect  precipitatinq 
rather  than  backscattered  or  trapped  particles.  One  set  of  ana-lyzers  covers  the 
enerqy  range  30  eV  to  1 keV  has  a qeometric  factor  of  4 x 10~4  cm2-sr  for  electrons 
and  2 x 10~*-  for  ions.  In  both  cases  A E/E  is  13%.  The  other  set  of  analyzers 
measures  the  flux  levels  over  the  1 to  30  keV  ranqe.  The  geometric  factor  for  these 
electron  and  ion  detectors  is  10~3  cm2-sr  with  A E/E  = 10%.  These  large  qeometric 
factors  ensure  statistically  significant  count  rates  in  the  auroral  oval. 


OBSERVATIONS 


During  the  period  of  interest  on  10  January  1983,  DHSP  was  in  darkness  crossing  the 
midnight  sector  of  the  northern  auroral  oval  from  dawn  to  dusk.  Simultaneous 
measurements  from  the  imager  on  F6  and  qround  naqnetograms  are  not  available  at  this 
time.  In  general,  however,  the  period  may  be  characterized  as  one  of  magnetic 
quieting.  Although  Kp  was  2+  at  the  time  of  the  overpass,  10  January  was  the  most 
disturbed  day  of  the  month  with  L Kp  = 39. 

Measurements  from  the  energetic  electron  and  ion  spectrometers  are  presented  in 
Figures  2 and  3,  respectively.  The  format  for  data  presentation  is  the  same  in  both 
figures.  Plotted  as  functions  of  UT,  qeomagnetic  latitude,  and  magnetic  local  time 
are  the  particle's  average  energies  (top  panel),  the  directional  energy  fluxes  (middle 
panel)  and  number  fluxes  (bottom  panel).  Attention  is  directed  towarc  the  one  minute 
interval  following  2045  (74700)  UT.  Beginning  at  2045  UT  the  number  flux  (JTOT) 
rises  from  10y  to  4 x KP  electroris/cm2  sec  sr  at  2045:22  UT.  In  the  next  20  sec 


it  decreased  to  107  electrons/cnr  sec  sr.  The  average  energy  of  the  pre- 
cipitating electrons  increased  from  600  eV  to  7J>  keV  then  returned  to  800  eV, 
the  classic  signature  of  an  inverted-V  structure.  The  flux  of  ions  reaching  the 
detector  also  increased  to  a sharp  maximum  at  2045:22  UT.  However,  the  average 
energy  of  the  ions  was  lowest  at  this  time..  This  signature  is  similar  to  that 
obtained  wben  spacecraft  at  geosynchronous  orbit  undergo  charginq. 

Figures  4,  5 and  6 give  three  examples  of  measurements  from  the  energetic  electron 
and  ion  sensors  at  2045:17,  :22  and  :24  UT,  respectively.  Data  represented  as  elec- 
tron and  ion  phase  space  densities  are  plotted  as  functions  of  energy  from  30  eV  to 
30  keV.  The  insets  give  expanded  plots  of  ion  distribution  functions  in  the  energy 
range  30  to  200  eV.  In  all  three  cases  the  electron  distributions  show  low-energy 
or  suprathermal  components.  The  fact  that  the  energetic  components  of  the  electron 
distributions  are  not  monotonically  decreasing  in  energy  is  consistent  with  the 
primary  electrons  having  been  electrostatically  accelerated  in  some  attitude  range 
above  the  satellite.  Electrons  with  energies  below  the  peak  in  the  distribution 
functions  are  energy-degraded  primaries  that  are  trapped  below  the  electrostatic 
barrier.  The  primary-electron  distributions  are  non-Maxwell ian,  containing  high 
energy  tails. 

The  ion  distribution  functions  also  contain  both  energetic  and  suprathermal  com- 
ponents. In  the  case  of  the  ion  measurement  at  2045:22  UT  the  energetic  component 
has  a Maxwellian  distribution  out  to  30  keV.  Using  the  Liouville  theorem  and  assum- 
ing an  isotropic  distribution  function  in  the  magnetosphere  we  find  that  for  charge 
neutrality  to  prevail  in  the  parent  populations,  the  field-aligned  potential  drop 
above  the  auroral  ionosphere  i s ~ 8 kV.  We  note  that  this  is  consistent  with  the 
measured  distribution  where  the  actual  peak-must  lie  between  the  energy  channels 
centered  at  6.46  and  9.4  8 keV. 

At  20:45:22  and  :24  UT  the  suprathernal  ions  have  non-monotonic  distributions.  The 
peaks  in  the  energy  channels  centered  at  65  and  44  eV  suggest  that  ions  measured  in 
these  channels  are  ionospheric  particles  that  have  been  accelerated  by  satellite 
potentials  of  -65  and  -44  V,  respectively.  The  fact  that  ion  counts  are  recorded  in 
energy  channels  less  than  at  the  peak  in  the  distribution  is  consistent  with  the 
finite  spread  in  the  energy-acceptance  of  the  sensor's  energy  channels.  Recall  that 
to  assure  high  count  rates  the  geometric  factor  of  the  low-enerqy  ion  detector  was 
made  large.  The  only  other  possible  source  of  ions  in  these  energy  ranges  at  DMSP's 
altitude  are  the  so-called  ion  conics  (ref.  15).  These  are  thermal  ions  that  are 
accelerated  perpendicular  to  magnetic  field  lines  through  resonant  interactions  with 
lower-hybrid  or  ion-cyclotron  electrostatic  waves.  Such  cannot  be  the  case  here  since 
the  ion  detector  is  looking  almost  along,  rather  than  across,  the  magnetic  field. 

Note  that  the  negative  potentials  of  several  tens  of  volts  represent  the  potentials 
of  the  dielectric  surfaces  in  the  vicinity  of  the  ion-detector's  aperture  rather 
than  the  potential  of  the  satellite's  frame. 

Further  information  concerning  the  environment  in  which  the  charging  of  DMSP/F6 
occurred  can  be  qained  from  thermal  probe  measurements.  Figure  7 gives  the 
"densities"  of  thermal  electrons  and  ions  measured  during  Mode  1 operations.  In 
this  representation  data  taken  while  sensor  grids  were  being  swept  in  voltage  (Mode  2) 
are  suppressed.  The  grid  on  the  spherical  Langmuir  probe  was  biased  at  7.8  V with 
respect  to  the  satellite  frame.  Thus,  in  Mode  1 the  electron  sensor  is  operating 
in  the  accelerating  mode.  This  leads  to  overestimates  of  the  ambient  electron  densi- 
ties. In  regions  where  both  .ensors  vary  in  the  same  sense  the  measurements  accurate- 
ly measure  relative  density  fluctuations.  In  regions  where  the  measurements  vary  in 
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opposite  senses  the  variations  are  mostly  due  to  satellite  potential  fluctuations. 
Absolute  values  of  the  plasma  density  are  obtained  through  analyses  of  Mode  2 current 
-voltage  sweeps.  Figure  7 shows  that  in  the  period  following  2045  UT  the  current 
reaching  the  thermal  electron  probe  decreased  by  more  than  four  orders  of  magnitude,  .. 
consistent  with  a strongly  negative  vehicle  potential.  The  thermal  ion  current 
increased  by  a factor  of  2. 

In  the  Immediate  vicinity  of  the  charging  event  Mode  2 sweeps  cannot  be  used  to 
determine  the  plasma  temperature  and  composition-  The  last  Mode  2 sweep,  taken 
equatorward  of  the  event  and  before  vehicle  potential  fluctuations  make  results 
of  Langmuire  probe  analysis  questionable,  occurred  at  204 3: 26  UT.  This  sweep  showed 
a total  plasma  density  of  ~ 104cm"3.  The  ion  composition  was  mostly  0+.  The  ion 
and  electron  temperatures  were  ~ 1200°  and  4000°K,  respectively.  The  following 
sweep,  beginning  at  2044:30  UT  showed  signs  of  a significant  light  ion  contribution. 
It  should  be  noted  that  other  measurements  in  the  diffuse  auroral  region  show 
large,  even  dominant  light  ion  mixtures— The  light  ion  that  best  fit  the  measured 
current-voltage  characteristics  was  He+.  Close  to  the  event  the  current  character- 
istics also  showed  signs  of  a light-ion  component.  However,  rapid  fluctuations  of 
the  satellite  potential  do  not  allow  quantitification  of  this  observation. 


DISCUSSION 


In  modelling  the  DMSP  charging  event  described  in  the  previous  section  two  con- 
ditions should  be  kept  in  mind.  First,  the  event  occurred  while  the  satellite  was 
in  darkness.  Thus,  photoemission  currents  from  the  vehicle  can  be  ignored.  Second, 
the  surfaces  of  DMSP  satellites  are  almost  entirely  made  up  of  dielectric  materials. 
The  potential  drop  Vs  experienced  by  positive  ions  reaching  the  electrostatic  analyzer 
should  be  that  required  for  local  current  balance  near  that  sensor's  aperture.  For 
the- sake  of  simplicity  we  model  the  satellite  as  a sphere  whose  surface  material  is 
kapton.  The  satellite  moves  at  a speed  of  7.4  km/s  through  the  combined  ionospheric 
and  auroral  plasmas. 

The  local  current  balance  condition  can  be  written  in  the  form: 

I(V)  = -JgM  + J i M + ^e2  + ^eB  + ^ei  + ^il  = ^ 

The  terms  Jgm  and  represent  currents  due  to  energetic  electrons  and  ions  of 
magnetospheric  origin,  respectively.  The  energetic  electrons  include  both  primaries 
and  energy  degraded  primaries.  The  terms  J,*2»  J6r,  and  Jei-  refer  to  currents 
generated  by:  (1)  secondary  electrons  resulting  from  energetic  electrons  impactinq 
the  satellite,  (2)  backscattered  energetic  electrons,  and  (3)  secondary  electrons  due 
to  impacting  ions,  respectively.  Currents  resulting  from  impacting  ionospheric  ions 
are  represented  by  J^. 

If  we  assume  that  the  auroral  electrons  are  well  approximated  by  an  isotropic 
distribution  function  fefi(E)  then  the  total  currents  to  the  satellite  directly 
attributable  to  energetic  electrons  has  the  form 

(2)  Je  = Jeo  e^VkTe 

where  Jeo  = -JeM  + ^e2  + ^eBi  'Js  ’s  the  satellite  potential  and  q is  the  elementary 
(negative)  unit  of  charge  and  kTp  =2/3  < E >.  Here  < E >,  the  mean  thermal  energy 
of  the  energetic  electrons  is  5.45  keV.  Finally, 
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J 


a 2 03  n/2 

(3)  Jeo  * ±"  £ / / E feM  (E)  [ 1 - a2(e,  i|>)  - AB(E,  *) 

n 0 0 

• Co s Sin  d i|>  d E 

is  the  total  current  due  to  energetic  electrons  if  the  satellite  were  at 
plasma  potential..  The  functions  of  energy  and  angle  from  normal 
incidence,  for  secondary  [A2  (E,$]  and  backscattered  [A|j  (E,<j/)] 
electrons  are  given  by  Laframboise  and  co-workers  (ref  16). 

The  current  due  to  impacting  ions  can  be  represented  in  the  form 

(4)  J<  * °i°  (1  +f?S) 


where  kTj  is  the  mean  thermal  energy  of  the  magnetospheric  ions.  Ji0 
represents  the  sum  of  + Jei  if  satellite  were  at  plasma  potential 

oo  -jt/  2 

(5)  Ji0  = 4 i^e  / / E f1M  (E)  [ 1 + Aei  (E,  *)  ] 

M-j  o o 

Cos  Sin  d ^ 

f^M  (E)  is  the  distribution  function  of  magnetospheric  ions  in  the  vicinity  of  the 
satellite.  A e-j  (E,\j>)  is  the  secondary  electron  conversion  factor  (ref  16). 

Values  of  Jeo  and  Jj0  in  equations  (3)  and  (5)  were  solved  by  numerical  integration 
using  the  energetic  electron  and  ion  distribution  functions  measured  at  2045:  22  UT. 
Setting  Vg  equal  to  -65  V in  equations  (2)  and  (4)  and  adding  we  calculate  that  in 
the  vicinity  of  the  ion  sensor  there  is  a current  of  6.33  uA/m^  flowing  away 
from  the  satellite.  From  equation  (1)  we  see  that  this  must  be  balanced  by  the 
thermal  ion  current  to  the  vehicle. 

The  current  to  the  satellite  due  to  ionospheric  ions  is  given  by  a sum,  over 
ion  species  a 

(®)  Jil  = N0e  usat  I T a C^a  * ® ) 


where  N0  is  the  total  ion  density,  U sa^  is  the  satellite  speed,  0 is  the  angle 
with  respect  to  the  ram  direction,  bais  the  Mach  number  of  the  a species 
[1/2  ft  a Vs/kTe]  1/2  . Based  on  satei 1 ite  measurements  in  the  ionosphere, 

Gurevich  arid  co-workers  (ref.  17)  derived  an  expression  for  the  angular  term 

(7)  r (b  . 0)  - Ho  [ 1 + erf  (b0  Cos  ♦ 0 Cos  (3  ] 

° a n T + erf  Cos  4>  0) 

where  erf  (x)  represents  the  standard  error  function.  ^ Q is  the  complement  of 
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the  Mach  angle.  With  Hsa t « 7.4  krri/s  and-  Te  ~ 4000°  K we  calculate  values  of 
$ s 71°  fo-r  an  0+  pl-asma  and  55°  for  art  He+  plasma.  .Note  that  for  0=0° 
lTa-  1 and  the  current  N0e  llsat  is  the  ram  current.  For  a plasma-density 

L of  10  * cm"  3 the  ram  current  is  11.8  uA/m2  . Thus,  to  balance  a current 
or  6.33  uA/m2,  l ra  (90°)  must  equal  0.536. 
a 

Figure  8 is  a plot  of  £ ra  (90°)  plotted  as  a function  of  the  fraction  of  He+ 

a 

present  in  the  ionospheric  plasma.  The  horizontal  line  at  0.536  represents  the 

value  of  l ra  (90°)  required  to  balance  the  auroral  current  with  Vs  = -65  V 
a 

on  the  top  surface  of  the  satellite.-  The  solutions  are  not  unique.  As  expected  the 
4>  0 = 55°  condition  is  satisfied  only  for  a pure  He+  plasma.  Higher  values  of 
<(i  0 require  less  He+. 

It  is  interesting  to  now  use  this  model  to  estimate  the  surface  potential  in  the 
wake  region  of  a snail  satellite  like  DMSP.  To  do  this  we  first  choose  a value 
of  <J»  0 which  gives  a solution  to  1^  s - 65V  at  8-  90°.  This  is  equivalent  to 
some  mixture  of  He+  and  0+.  With  this  we  next  solve  equation  (6)  for  the  ionospheric 
ion  current  at  any  location  on  the  satellite.  The  final  step  is  to  solve  equations 
(2)  and  (4)  for  the  potential  Vs  that  gives  an  I (V ) = 0 solution  to  equation  (1). 

Figure  9 demonstrates  the  results  of  this  procedure.  Here  we  have  chosen  the 
value  <p  Q = 60°.  From  Figure  8 we  see  that  this  corresponds  to  a.  case  with  Nh6+/Nq 
= 0.63.  On  the  ram  side  of  the  vehicle  the  potential  is  slightly  positive.  As  we 
go  away  from  90°  into  the  wake  direction  the  model  predicts  that  the  surface  poten- 
tial rises  quickly  and  saturates  at  a value  of  ~ 1 kV.  We  have  examined  the  model 
predictions  for  other  values  of  <t>  0 in  the  range  55°  to  70°  and  found  that  within 
a few  percent  the  results  are  insensitive  to  these  variations. 
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1.  The  morphology  of  auroral  luminosity  and  precipitating  electron  spectra  in 
the  vicinity  of  westward  travelling  surges. 


2.  Average  energy,  directional  energy  flux  and  directional  number  flux  of 
pneipitating  electrons  measured  during  DMSP/F6  northern  auroral  pass  of 
10  January  1983. 
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3.  Average  energy,  directional  energy  flux  and  directional  nunber  flux  of 
downcoming  ions  measured  during  DMSR/F6  northern  auroral  pass  of  10  January 
1983. 


DISTRIBUTION  FUNCTION 
ELECTRON  / (CM  * * 3 * (CM /SEC) 


rjp  poOR  QU/VJn  *- 


OM«*  »•  4»»0  RUSP  * t JftU.O 

,»•  2«**-*i  *t  10*04, 


6.  Distribution  functions  at  2045:22  UT  in  same  format  as  Figure  4.  The 
inset  expansion  of  the  low  energy  portion  of  ion  distribution  function  shows  a 
charging  peak  at  6 5 eV. 
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6.  Distribution  functions  at  2045:24  UT,  in  same  format  as  Figure  4.  Here  the 
charging  peak  is  at  44  eV. 
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7.  Mode  1 currents  to  the  thermal  electron  and  ion  sensors  durinq  the 
northern  auroral  pass  of  in  January.  The  "densities"  calculated  from  these 
currents  assume  that  the  qrids  are  at  plasma  potential  and  are  overestimates 
in  both  cases. 


8.  Plot  of  r , with  Oset  equal  to  90°,  as  a function  of  NH  /N_.  for 
several  values  of  <j>  0.  The  line  at  0.536  represents  the  value  of  r required  for 
current  balance  with  Vs  = - 65  V on  the  top  surface  of  DMSP. 
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CHARGING  Of  QMSP/Fb  SPACECRAFT-  IN  AURORA  ON-IO  JANUARY  1983 


Arthur  L.  Besse,  Allen  G.  Rubin,  and  David  A.  Hardy 
Air  Force  Geophysics  Laboratory 
Hanscom  Air  Force  Base,  Massachusetts  01731 


Two  independent  instruments  on  the  spacecraft  showed  charqinq  to  a 
noderate  (14  volts)  neqative  potential.  The  electron  spectrometer 
showed  a flux  of  2 X 10^  electrons  (cn"2 sec-* ster-^ ) peaked  at  9.5  keV. 

This  was  narqinally  sufficient  to  overcome  the  flux  of  cold  ambient 
ions.  Charqir.q  calculations  are  presented  showinq  where  simpl  ications 
are  justified  and  where  serious  uncertainties  exist.  More  serious  charqinq 
is  predicted  for  the  Shuttle  in  polar  orbit. 


INTRODUCTION 


Spacecraft  charqinq  has  been  widely  observed  in  qeosynchronous  orbit 
on  the  ATS-5  and  ATS-6  pair  and  on  the  SCATHA  spacecraft  (ref  1 & 2). 

An  adequate  theory  for  explaininq  the  observations  exist.  Neither  the 
data  or  theory  can  be  exported  to  low  polar  orbit  and  its  drastically 
different  environment.  This  paper  qives  evidence  of  charqinq  on  the  DMSP 
F6  spacecraft  (see  ref  3 for  instrumentation).  A simple  model  is  set  up 
explaininq  the  observations. 


RRIEF  THEORY  OF  SPACECRAFT  IN  THE  AURORA 


The  cold  ambient  electrons  can  charqe  a spacecraft  to  a few  volts 
neqative  at  most.  Hore  severe  charqinq  occurs  in  the  earth's  shadow  when 
the  enerqetic  (over  a kilovolt)  precipitatinq  electron  current  exceeds 
the  ram  ion  current.  Charqinq  continues  until  an  increase  in  ram  ion 
current  and/or  a decrease  in  precipitatinq  electron  current  produces  a 
zero  net  current. 

In  the  absence  of  plasma  shieldinq,  the  ram  ion  current  increases 
rapidly  with  increasinqly  neqative  potentials.  This  typically  limits 
charqinq  to  tens  of  volts  neqative.  In  the  presence  of  intense  plasma 
shieldinq  (electrostatic  or  maqnetic)  the  ram  ion  current  does  not  respond 
to  neqative  potentials.  Charqinq  then  proceeds  to  much  hiqher  neqative 
potentials  until  a slowly  decreasinq  precipitatinq  electron  current  brinqs 
about  a current  balance.  Calculations  indicate  possible  potentials  of 
several  kilovolts.  Below  some  size  plasma  shieldinq  is  neqliqible  and 
above  some  size  it  dominates.  There  exists  no  commonly  accepted  way  of 
calculatinq  these  sizes. 

A knowledqe  of  the  relative  velocities  and  densities  of  the  various 
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particles  is  essential  to  the  understanding  of  auroral  charqinq.  Typical 
values  arranqed  in  < ''der  of  increasinq  velocity  are: 

Ambient  oxyqen  ion:  v ~ 1.5  X 10^  cm/ sec;  N = 1 X 10^  cm"3 

Spacecraft:  v ~ 8 X 10  ^ co/sec 

Ambient  electron:  v b 3 X 10?  cm/ sec;  N - I X 10^  err3 

Precipitatinq  electrons:  v-=  6 X lfl9cn/sec;  N = 1 cm"3 

Also  essential  is  a knowledqe  of  the  various  time  scales  involved^ 

Typical  values  arranqed  in  order  of  increasinq  time  are: 

Charqinq  response:  0.01  Seconds 

Aurora,  fine  structure:  0.1  Seconds 

Instrument  response:  1 Seconds 

Aurora,  coarse  structure:  10  Seconds 

The  value  for  charqinq  response  applies  to  the  main  frame.  Thin  di- 
electric coatinqs  may  charqe  differentially  with  very  much  lonqer 
response  times.  The  aurora  time  scale  is  in  the  spacecraft's  frame  of 
reference  and  is  due  primarily  to  spatial  variations  in  the  aurora. 


DETECTION  OF  SPACECRAFT  CHARGING 


Charqinq  was  detected  by  an  ion  spectrometer  sensinq  acceleration  of 
the  ram  ions  to  30  volts  or  more  and  by  a probe  sensinq  the  deceleration 
of  ambient  electrons.  Charqinq  to  negative  potentials  less  than  30  volts 
was  detected  by  the  probe  alone. 

The  accelerated  ions  appeared  as  an  intense  narrow  band  never 
occupying  more  than  one  enerqy  channel.  This  is  as  predicted  by  theory. 
However,  the  spectrum  was  not  void  below  the  intense  band  as  predicted  by 
theory  and  observed  on  geosynchronous  spacecraft. 


THE  CHARGING  EPISODE 


The  probe  indicated  charqinq  starting  at  74701  seconds  UT  and  ending 
at  74737  UT,  with  a very  brief  drop  out  at  74705,,  The  start,  drop  out, 
and  end  of  charqinq  accompanied  large  abrupt  changes  in  electron  flux, 
particularly  in  the  4.4  keV  channel.  The  ion  spectrometer  indicated 
charqinq  to  potentials  of  30  to  65  volts  negative  for  a portion  of  this 
period,  namely  from  74721  1IT  to  74  731  UT.  The  evidence  that  charqinq 
to  these  levels  actually  occurred  appears  to  be  conclusive. 
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precipitating  electron  spectra 


Five  representative  tine  interval  s*  each  lasting  fron  three  to  five 
seconds,  were  chosen  for  study*..  Within  each  tine  period  the  spectra 
remained  relatively  constant.  The  electron  spectra  we-re  averaged  over 
each  interval.  The  average  spacecraft  potential  was  determined  by  probe 
and  ion  spectrometer  data.  When  the  charging  was  insufficient  to  show 
up  on  the  ion  spectrometer  hut  showed  strongly  on  the  probe,  a value  of  10 
volts  was  assigned.  The  five  spectra  are  shown  in  figure  1.  The  starting 
tines  fron  A to  E were  respectively:  74697,  74708,  74712,  74722,  and 

74729.  Durations  were  respectively  4,  3*  5,  4 and  3 seconds.  Average 
fluxes  and  potentials  are  given  in  the  figure.  The  fluxes  include  only 
five  channels  from  3.0  to  13.9  kilovolts  for  reasons  to  be  discussed 
later. 


The  figure  shows  both  broad  spectra  and  narrow  "inverted  V"  spectra. 
The  actual  shape  of  the  "inverted  V"  spectrum  is  unresolved,  it  could  be 
much  narrower  and  no  e intense  than  shown.  The  electron  spectrometer  is 
not  designed  for  accurate  flux  measurements  when  the  spectrum  is  very 
narrow,  therefore,  the  flux  indicated  in  the  figure  for  the  "inverted  V" 
nay  be  in  error. 

We  authors  postulate  an  accelerating  electric  field  that  is  sometimes 
high  above  the  spacecraft  and  sometimes  close  above  the  spacecraft.  In 
the  former  case,  but  not  in  the  latter,  there  should  be  strong  collisional 
broadening  of  both  the  energy  and  the  pitch  angle  distribution. 


CHARGING  CALCULATIONS 


Five  first  order  approximations  will  be  made.  They  are: 

1)  A spherical  spacecraft  with  a conducting  and  hence  equipotential 

surface. 

2)  Zero  ambient  electron  temperature.  The  energy  of  these  particles 
in  either  the  plasma  frame  of  reference  or  in  the  spacecraft  frame  of  refer- 
ence was  much  smaller  than  the  measured  potentials. 

3)  Infinite  precipitation  electron  temperature.  The  energy  of 

these  particles  was  very  large  compared  to  the  measured  potentials.  - 

4)  Precipitating  electron  flux  equal  to  that  measured  in  the  3 to 
14  keV  enerqy  range.  Fluxes  at  hiqher  enerqies  were  very  low.  Fluxes  at 
lower  enerqies  were  small  and  were  largely  offset  by  secondary  electrons. 
Secondaries  were  not  included  in  the  calculations.  The  flux  is  treated 

as  isotropic  within  some  field  aligned  solid  angle  and  zero  elsewhere. 

5)  Ambient  ion  temperature  equal  to  the  drift  enerqy  of  an  ion  in 
the  spacecraft  frame  of  reference.  This  energy  is  large  compared  to  the 
thermal  energy.  Probe  theory  assumes  that  the  total  particle  enerqy 
(kinetic  plus  potential)  is  independent  of  position.  This  assumption  is 
valid  in  and  only  in  the  spacecraft  frame  of  reference.  The  ambient  ions 
are  predominantly  singly  ionized  atonic  oxygen. 
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The  first  four  approximations  simplify  calculation  of  the  electron 
current  to  the  negatively  charged  spacecraft.  The  "zero  temperature" 
ambient  electrons  are  repelled  and  do  not  reach  the  spacecraft.  The 
"infinite  temperature"  preci  pita-ting  electron  current  is  independent  of  the 
spacecraft  potential.  Secondary  electrons  are  adequately  allowed  for  by 
discardinq  the  low  end  of  the  spectrum  and  need  not  appear  explicitly  in 
the  calculations.  Uith  these  considerations,  the  electron  current  to  the 
spacecraft  becomes 


Ie  = -e  J S ( it  R2) 


(1) 


where 


Ie  = electron  current 

e’  * elemental  charqe 

J = precipitatinq  electron  flux  per  steradian  in  3 to  14  keV 

channel s 

S = solid  anqle  of  precipitatinq  electrons 

R = spacecraft  radius 

( 7i  R^)  = spacecraft  electron  collision  cross  section. 


The  first  and  fifth  approximac  'ns  simplify  calculation  of  the  ion 
current  to  the  spacecraft.  Spherical  ^robe  theory  qives  the  ion  current 
in  the  lonq  Debye  lenqth  limit  as: 


u - 


where  I j 
v 
N 
V 
T 
A 


e v N [(  u + z|Zj]  = evNA;  -eVM) 

= ion  current 
= ion  drift  velocity 
= ion  density  = 1x10^  cn""3 
= spacecraft  potential 

= temperature  associated  with  ion  drift  velocity 
= spacecraft  ion  collision  cross  section. 


5ev 


(2) 


When  the  Debye  lenqth  is  not  lonq  compared  to  the  probe  radius,  a sheath 
containinq  a net  positive  charqe  forms  around  the  probe.  The  charqe  in 
the  sheath  shields  ambient  ions  outside  the  sheath  from  the  probe's  elec- 
tric field,  thereby  reducinq  the  number  attracted  to  the  probe.  The 
shieldinq  effect  may  be  incorporated  in  equation  (2)  by  multiplying  the 
potential  by  a shieldinq  factor  K less  than  unity.  This  factor  is  a 
function  of  potential  and  qenerally  does  not  appear  explicitly  in  probe 
theories.  It  may  also  be  a function  of  the  ion  anqular  distribution 
(in  this  case  almost  mono-directional  in  the  spacecraft  frame  of  reference). 

At  equilibrium  potential  the  absolute  values  of  electron  and  ion 
currents  are  equal.  This  leads  to  the  equilibrium  equation 

JS  = v*N*  (1+k  eV  < D,  k < 1 

T “ (3) 

where  k = shieldinq  factor. 

The  unknowns  in  this  equation  are  the  electron  solid  angle  S and  the  ion 
shieldinq  factor  k.  These  unknowns  were  evaluated  from  the  data  in  fiqure 
(1)  and  from  other  measurements.  The  solid  anqle  is  determined  from 
equation  (3)  using  the  threshold  flux  required  for  charqinq.  The  data 
consistently  yields  a narrower  solid  anqle  for  inverted  "V"  spectra  than 
for  broad  spectra.  The  shieldinq  factor  was  determined  by  the  electron 
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flux  associated  with  a potential  of  -44  volts.  This  flux  was  approximately 
four  tines  greater  than- the  threshold  flux.  The  results  of  the  evaluations 
were 


S « it.,  inverted  "V"  spectra 
S * 2 it  , broad  spectra 
k = 1/2. 

These  results  should  be  regarded  with  caution.  The  data  is  not  conclusive 
due  in  part  to  an  environment  whose  rate  of  change  is  fast  compared  to  the 
sampling  rate  of  the  instruments  - probably  fast  compared  to  any  practical 
sampling  rate. 

The  value  qiven  above  for  the  shielding  factor  is  substantially  less 
than  unity.  If  true,  this  has  serious  implications.  It  means  that  the  DMSP 
spacecraft  are  already  of  a size  where  space  charge  in  the  sheath  acts  to 
increase  the  magnitude  of  charqing  potentials  and  that  any  larqer  spacecraft 
such  as  the  Shuttle,  will  charqe  to  higher  potentials,  other  factors  being 
equal . 
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Figure  1.  - Five  precipitating  electron  spectra.  (The  flux  associated 
with  each  spectra  Is  listed  In  the  upper  right  corner  along  with  the 
corresponding  spacecraft  potential.) 
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The  nrecipitatinq  elections  in  the  auroral  environment  are  hiqhly  vari- 
able in  their  enerqy  and  intensity  in  both  space  and  tine.  As  such  they  are 
a source  of  potential  hazard  to  the  operation  of  the  Space  Shuttle  and  other 
laroe  spacecraft  ooeratinn  in  polar  orbit.  In  order  to  assess  these  hazards 
both  the  averaqe  and  extreme  states  of  the  nrecipitatinq  electrons  must  be 
determined.  In  this  naper  we  present  work  aimed  at  such  a specification. 

In  the  first  half  of  the  paper  we  present  results  of  a qlohal  study  of  the 
averaqe  characteristics.  In  this  study  the  hiqh  latitude  reqion  was  divided 
into  spatial  elements  in  maqnetic  local  time  and  corrected  qeonaqnetic  lati- 
tude. The  averaqe  electron  snectrun  was  then  determined  in  each  spatial 
element  for  seven  different  levels  of  activity  as  measured  by  Kp  usinq  an 
extremely  larne  data  set  of  auroral  observations.  In  the  second  half  of  the 
paper  we  present  a case  study  of  an  extreme  auroral  electron  environment  in 
which  the  electrons  are  accelerated  throuqh  a field  aliqned  potential  as 
hiqh  as  in,ono  volts  and  in  which  the  spacecraft  is  seen  to  charqe  neqa- 
tively  to  a potential  anproachinn  .5  kilovolts. 

INSTRUMENTATION 

The  data  used  for  this  analysis  were  from  the  SSJ/3  detectors  on  the  F2 
and  r4  satellites  and  the  SS.I/4  detector  on  the  F6  satellite  of  the  Defense 
hieteoroloqical  Satellite  Proqran  as  well  as  the  TRL-251  experiment  on  the 
P7R-1  satellite  of  the  Space  Test  Proqran.  The  SS.1/3  detectors  consisted  of  a 
set  of  two  curved  plate  electrostatic  analyzers  capable  of  measurinq  the  flux 
of  nrecipitatinq  electrons  in  16  enerqv  channels  between  5DeV  and  ?D,nno  eV. 
The  SSJ/4  detector  consists  of  a set  of  four  curved  plate  electrostatic 
analyzers  that  measure  both  electrons  and  ions  in  ?0  enerqy  channels  each. 
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in  the  energy  range  fron  30  eV  to  30000  p V.  Roth  the  ssd/3  and  SS.J/4 
detectors  return  a full  spec  trim  over  all  enerq.y  channels  once  per  second 
and  all  detectors  are  oriented  on  the  spacecraft  such  that  they  look  towards 
the  local  zenith.  The  CO!.  2 SI  experiment  consists  of  two  SS.1/3  detectors 
mounted  at  right  anqles  with  their  look  directions  in  the  spin  plane  of  the 
satellite.-  Fach  detector  returns  4,  16  point  spectra  each  second.  The 
satellite  has  a spin  rate  of  approximately  11  *>PM  with  the  spin  plane  in  the 
orbit  plane  of  the  satellite. 

All  the  satellites  were  launched  into  circular  sun  synchronous  orbits. 

The  F?  satellite's  orbit  plane  was  initially  in  the  dawn-dusk  meridian  but 
precessed  towards  the  0830-2030  MIT  meridian  durinq  the  satellite's  lifetime. 
The  period  for  which  data  are  available,  thp  altitude  of  the  orbit,  and  the 
orbital  plane  are  listed  in  Table  1. 

The  nriSP  sensors  are  operated  continuously  and  approximately  POf,  of  the  data 
were  available  for  this  study.  For  the  P78-1  approximately  1000  polar  passes 
were  available  from  1073.  For  the  determination  of  the  averaqe  character- 
istics, the  F?,  F4,  am:  P78-1  data  were  used..  The  worst  case  study  was 
performed  usinq  the  fo  data  since  these  data  cover  a wider  ranqe  in  energy. 

AVERAGE  CHARACTERISTICS 

Historically,  thpre  have  been  two  approaches  to  qlohal  specification  of 
the  averaqe  characteristics  of  auroral  precipitation.  In  the  first  of  these 
the  researcher  builds  up  a qlohal  or  local  time  picture  usinq  a set  of  indi- 
vidual passes  each  studied  in  detail  (ref  1 ?•  2).  The  advantage  of  such,  an 
approach  is  that  all  the  details  of  each  pass  are  considered  in  creatinq  an 
overall  picture.  The  ma.ior  disadvantaqe  in  such  studies  is  that  in  order  to 
keep  both  the  analysis  and  data  presentation  manageable  the  researcher  must 
restrict  the  total  number  of  passes  studied  either  by  spacinq  them  widely  in 
magnetic  local  time  or  in  activity.  In  the  second  approach  the  researcher 
builds  up  his  global  picture  by  dividinq  the  region  of  interest  into  zones 
in  magnetic  local  time,  geomagnetic  latitude  and  activity  he  then  uses  very 
larqe  data  sets  to  determine  the  average  value  of  the  quantity  of  interest 
in  each  zone  (ref  3 through  Q).  This  approach  has  the  advantage  of  providing 
real  global  maps.  It's  ma.ior  disadvantaqe  is  that  in  the  averaging  process 
all  snail  spatial  and  temporal  variations  are  snoothed  out,  of  necessity. 

The  number  of  such  studies  done  in  the  past  has  additionally  been  restricted 
by  the  fact  that  they  require  very  larqe  data  sets  (millions  of  samples)  and 
they  require  significant  amounts  of  computer  time. 

In  this  study  we  have  taken  the  second  of  these  two  approaches  using  the 
data  set  from  identical  electrostatic  analyzers  flown  on  three  Air  Force  sat- 
ellites. We  divided  the  hi qh  latitude  reqion  into  zones  in  magnetic  local 
time  and  corrected  geomagnetic  latitude.  In  MLT  the  divisions  were  48  one 
half  hour  sections.  In  latitude  there  were  30  divisions  at  2°  increment 
between  50  and  bn  degrees,  1°  increments  between  60  and  80  degrees,  and  2° 
increments  from  80  to  Q0  degrees.  Seven  sucb  matrices  were  created,  one  for 
the  Kp  = 0,  0+  cases,  one  for  Ko  = 1-,  1,  1+  cases  and  so  on  up  to  Kp  = 5-,  5, 
5+.  The  last  matrix  included  all  cases  greater  than  Kp  = 6-.  Fifteen  months 
of  data  were  used  fron  thp  F-2  and  F-4  satellites.  The  fifteen  months  were 
chosen  t.o  qive  an  even  distribution  of  the  data  over  the  seasons  of  the  year 
and  to  nrovide  sufficient  coverage  at  high  activity.  Altogether  the  15  months 


132 


of  data  provided  13.6  million  spectra.  All  orbits  of  the  P 7-8-1  satellite  in 
the  interval  from  February  1979  to  January  1980  were  used.  This  comprised 
approximately  ..52  wilt  ton- additional  spectra.  The  14. L million  spectra 
were  divided  amonq  the  7 levels  of-Kp  as  follows;  Kp  = 0,  7._85%;  Kp  * 1-, 
23.82uKp=2,  26.9%,  Kp  = 3,  21.9%;  Kp  = 4,  10.5%;  Kp  = 5,  5.3%;  Kp  > 6-, 

3.6%.  In  each  zone  the  averaqe  and  standard  deviation  of  the  differential 
number  flux  for  each  of  tha  16  enerqy  channels  of  the  detector  was  calculated 
usinq  all  spectra  that  fell  within  that  zone.  The  final  product  is  therefore 
the  average  spectrum  in  each  zone  at  each  level  of  activity. 

From  the  averaqe  spectra  we  calculated  integral  quantities  over  the 
entire  enerqy  range  of  the  averaqe  enerqy  spectrum.  The  three  quantities 
calculated  were  the  integral  number  flux  in  units  of  e/cm2-sec-ster  defined 
as: 

15 

JTOT  = j(£i)  (E2  - El)  + I J(Ei)(Ej+i  - Ej.i)  + j (Eia)_.(Ei6  - F15) 

1=2  2 


The  integral  enerqy  flux  in  units  of  keV/cm^-sec-ster  defined  as: 

16 

OETOT  * E(  ,1  ( E, ) (E2  - El)  + S |(E, ) .KElKEui)  - Ej.i)  ♦ 


Elfi.1  (Eis)  (e16  - Em) 

and  the  averaqe  enerqy 

EAVE  = JETOT/JTOT 


where 


j ( E-| ) = the  averaqe  differential  flux 
in  the  ith  enerqy  channel 


Ei  = the  central  enerqy  of  the  ith  channel 

These  three^ quantities  are  displayed  as  isocontour  maps  in  Figures  la-d, 
?a-d,  and  3a-d  where  we  have  plotted  the  Kp  = 0,  2,  4,  and  6 cases.  The 
discussion  of  these  maps  is  in  two  sub-sections;  the  first  dealing  with 
the  characteristics  of  the  relatively  hot  electron  (EAVE  > 600  eV)  and 
the  second  dealinq  with  the  characteristics  of  the  colder  electrons.  Such 
a division  is  made  based  on  a comparison  of  the  maps  of  integral  flux  and 
averaqe  enerqy.  Such  a comparison  shows  that  the  hi qh  latitude  reqion 
separates  naturally  into  two  reqions  based  upon  the  averaqe  enerqy  of  the 
electrons.  The  hotter  plasma  is  confined  to  a roughly  annular  reqion  whose 
low  latitude  edge  is  the  equatorward  edge  of  the  auroral  zone  while  the 
colder  plasma  fill  the  remaining  area  between  the  poleward  edge  of  the 
annulus  and  the  geomagnetic  pole.  The  colder  electron  reqion  is  composed  of 
a band  of  relatively  intense  precipitation  bounding  the  poleward  edqe  of  the 
hot  plasma  and  a reqion  of  lower  Intensity  precipitation  in  the  rest  of  the 
area  up  to  the  pole. 
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HOT  ELECTRON  REGION 


For  the  hot  electrons  we  note  the  followino: 

1)  The  averaqe  onerqv  of  the  precipi tatino  electron  varies  qreat.lv  in 
nannetic  local  tine.  In  qeneral  the  peak  averaqe  enerqies  are  hiqhest  on 
the  norninq  side  of  the  oval.  Within  the  norninq  side  reoion  there  are  two 
maxima  in  the  averaoe  enerqy;  one  between  nirlniqht  and  0600  *11. T awl  the 
second  t.ynicall v two  hours  pre-noon.  In  tables  ?n  and  the  location  and 
electron  characteristics  for  the  two  Maxima  are  listed  for  all  seven  Kp 
zones. 

fine  notes  that  the  averaoe  onerqv  of  the  post  midniqht  maximum  is  between  3 
and  5 keV  in  a latitude  ranqe  between  63  and  87n.  The  local  tine  of  these 
naxina  varies  over  6 hours  and  the  trend  is  for  the  enerq.v  flux  to  increase 
with  increasinq  Kp.  The  lack  of  a post  nidniqht  naximun  for  the  Kp=5  case 
we  attribute  to  the  relatively  linited  samplinq  provided  by  the  P7P-1 
satellite  in  this  reqion  and  at  this  level  of  activity.  The  pre-noon 
naxinun  is  nore  fixed  in  nannetic  local  tine  and  morp  ordered  by  Kp. 

Except  for  Kp=0  case  this  naxina  is  always  found  between  0030  and  1100  MlT 
and  at  a neonannetic  latitude  that  smoothly  decreases  with  increasinq  Ko- 
The  averaoe  enerqy  increases  from  t'p=0  to  Kp=3  but  *hen  decreases  for  all 
hiqher  Kp  reachinq  a value  for  the  hiqhest  activity  case  a factor  of  two 
below  that  of  the  Kp=0  ease.  In  a sinilar  manner  the  enerq.y  flux  increases 
fron  Kn=o  to  Kp=3  hut  then  is  approxinatel y stable  for  all  hiqher  activities. 

At  enerqies  above  1 keV  the  reqion  of  hot  nlasna  is  not  continuous  about 
the  oval.  For  Kn=0  the  averaqe  enerq.y  does  not  reach  IkeV  at  any  latitude  in 
the  MLT  ranne  fron  ~ IROfl  to  ??nn.  For  the  Kp=l  and  ?.  cases  there  is  a 
mini nun  within  the  reqion  of  hot  plasma  at  approximately  1R00  hour  MLT.  For 
the  four  renaininq  cases  there  is  a clear  minimum  between  noon  and  1800  hours 
MLT.  The  averaqe  enerq.v  of  this  minimum  falls  below  1 keV„  For  the  four 
hiqhest  activity  cases  the  location  of  the  minimum  appears  to  move  to  earlier 
local  times  with  increasinq  activity.  part  of  this  effect  appears  to  result 
from  a cbanqe  with  activity  in  tbe  naqnetic  local  time  oast  noon  to  which 
hot  electrons  driftinq  around  on  the  norninq  side  are  able  to  penetrate. 

These  electrons  are  seen  at  the  latest  MLT  for  Kp=0  and  penetrate  to  progres- 
sively earlier  MLTs  with  increasinq  activity.  For  the  Kp  case  there 
are  few  reqions  to  the  davside  of  the  dawn-dusk  meridian  in  which  the  averaqe 
enerqies  reaches  1,5  keV. 

3.  The  majority  of  the  enerqy  flux  of  particles  into  the  hiqh  latitude  reqion 
is  carried  bv  the  hot  electrons-  Typically  for  any  MLT  zone  on  the  niqhtside 
of  the  oval  the  latitude  of  the  maximum  in  enerqy  flux  is  near  or  coincides 
with  the  maximum  in  averaqe  enerqy.  At  all  activity  levels  above  Kp=P  the 
isocontours  of  enerqy  flux  within  the  hot  electron  reqion  have  a r or  horse- 
shoe shape  that  is  rouqhly  symmetric  about  a meridian  one  to  two  hours  post 
midniqht  and  post-noon.  The  maximum  enerqy  flux  occurs  sliqhtly  before 
midniqht  for  Kp=0  and  1 hut  is  clearly  post,  midniqht  for  all  hiqher  activity 
cases. 

A.  The  enerqy  flux  into  the  niqhtside  oval  and  up  to  approximately  1000  MLT 
on  the  da.yside  increases  with  increasinq  activity  as  the  oval  expands.  By 
contrast  the  enerqy  flux  carried  by  hot  electrons  at.  noon  reaches  a maximum 


at  Kp=?  and  then  decreases  for  hinher  activity.  This  is  shown  in  Table  3 
where  we  have  listed  the  maximum  enemy  flux  and  it's  latitude  for  the  onnn 
to  (1030  MLT  zone  and  for  the  peak  in  average  energy  for  the  hot  electrons  in 
the  1130  to  l?0O  MU-zono. 

The  latitude  for  both  cases  decreases  for  increasing  activity  as  would  be 
expected  from  the  overall  movement  of  the  oval  equatorward.  The  enemy  flux 
at  midnioht  increases  by  more  than  an  order  of  magnitude  from  Kp-0  to 
Kn  >6-  while  the  enemy  flux  at  noon  reache-s  a maxinun  value  of  7.70x10? 
keV/  cm^-sec-ster  for  Kp-?  and  then  decreases  for  increasino  Kp  above  this 
point,  machine  a value  for  the  Kp>6-  case  approximately  a factor  of  two 
lower  than  the  Kp=0  case.  The  ratio  of  the  enemy  flux  at  midnioht  to  that 
at  noon  increases  with  increasino  Kp  except  for  the  Kp=fi  case.  The  7 values 
from  Kp=0  to  Kp are  ?.7*  4JL,  4.7,  1?.0,  ?1.P,  18,  7?.  5. 

COLO  ELECTRON-REGION 

For  the  cold  electrons  (EAVF  s 600  eV}  we  note  the  followinq: 

1.  The  hiqhest  number  flux  of  cold  electrons  is  found  within  the  dayside 
portion  of  the  overall  region  of  electron  precipitation.  At  the  first  five 
activity  levels  there  is  a clear  crescent  shaped  reqion  of  cold  electrons 
rouqhly  symmetric  about  noon  or  sliqhtly  skewed  towards  prenoon.  The  crescent 
shaped  reqion  is  most  clearly  evident  in  the  Kp=0  and  Kp-1  cases  where  at  a 
level  of  above  5X10?  electrons/cm^-sec-ster  it  extends  in  maqnetic  local  time 
over  the  entire  dayside  renion  and  one  to  several  hours  into  the  niqhtside 
reqion.  The  reqion  extends  closer  to  midniqht  on  the  morninq  side  than  the 
eveninq  side.  The  same  behavior  is  maintained  for  the  next  three  levels  of 
activity  but  is  obscured  in  the  isocontour  plots  by  the  increasing  integral 
flux  on  the  niqht  side  from  the  hot  electrons.  For  the  two  hiqhest  activity 
cases  there  is  still  an  extended  reqion  of  low  enerqy  precipitation  on  the 
dayside  hut  it  is  not  as  well  orqanized  as  for  the  lower  activity  cases. 

?.  The  intensity  of  the  inteqral  number  flux  witbin  the  dayside  reqion  shows 
little  if  any  increase  with  increasing  activity.  Except  for  the  Kp  > 6- 
case  the  inteqral  number  flux  is  typically  between  5x10?  and  2xlOft  electrons 
/cm?- sec-ster.  Although  the  level  of  flux  within  the  reqion  is  relatively 
constant  the  total  flux  of  electrons  into  the  reqion  is  increasing  with 
increasing  activity.  For  the  7 levels  of  activity  the  total  downcominq  flux 
over  the  entire  dayside  with  enerqies  between  50  eV  and  660eV  are  7.65x10^, 
8.WxlO?4,  1.0x10?^  I.?ixl0?s,  1.56X1025,  1. 07x1025  and  3. 7Rxlo2electrons/ 
-sec-ster.  These  numbers  were  obtained  by  determining  the  inteqral  flux  for 
electrons  with  enerqies  between  50  eV  and  660  eV  in  each  spatial  element  on 
the  dayside  multiplying  these  by  the  area  of  the  snatial  element  and  sunning. _ 
For  all  but  the  Kp>  6-  case  this  trend  is  well  fit  by  the  equation, 

I = 7.  Pxio?4  e »2Kp  electrons/ sec-ster 

3.  Within  the  dayside  reqion  of  cold  electron  precipitation  there  is,  in  all 
hut  the  Kp>  6-  case,  a clear  prenoon  maximum.  In  Table  4 the  parameters 
for  these  maxima  are  listed. 
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One  notes  that  the  maximum's  location  in  Ml. T is  relatively  Constant  while  the 
latitude  decreases  with  increasing  activity  as  t.hp  oval  expands.  The  inteqral 
number  flux  increases  only  from  3..0C  to  4,1  x 10^  from  the  Kp-0  to  the  Kp> 

6-  case,.  both  the  inteqral  energy  flux  and  averaqe  energy  are  similarly  with- 
in a narrow  ranqe  except  at  the  two  hiqhest  activities,.  These  increases  at 
higher  activity  are  attributable  to  an  increase  in  the  spatial  variability  of 
the- oval  such  that  some  hot  electron  spectra  have  been  used  to  determine  the 
averaqe  Spectrum  fron  which  the  enerqy  flux  and  averaqe  enerqy  were  calculated 
If  at  all  activity  lovers  the  values  listed  in  Table  3 are  recalc  mated  usinq 
only  the  portion  of  the  spectrum  hetween  WleV  and  fifiOeV  the  values  for  the 
Kp=n  to  Kp-3  cases  vary  by  less  than  10*  for  all  three  quantities.  For  Kp-4 
and  r>  cases,  however,  the  enerqy  flux  drops  to  values  below  10ft  keV/cm?- seo 
Ster  and  the  averaqe  enerqy  to  values  below  200  eV. 

4.  In  the  dayside  reqion  of  cold  electrons  there  is  a clear  minimum  in 
averaqe  enerqy.  The  location  and  electron  characteristics  at  the  minimum 
are  listed  in  Table  5.  

The  location  in  latitude  shows  a total  variation  of  5°  with  activity  and 
except  at  hiqh  activity  is  found  hetween  1100-1200  MLT.  Aqain  the  electron 
characteristics  are  quite  stable  with  increasing  activity.  The  inteqral 
number  flux  ranqes  between  3 and  10  electrons/cm -sec-ster  except  for  the 
KP  > 6-  case.  The  inteqral  enerqy  flux  value  falls  in  a similar  narrow  ranqe 
and  the  averaqe  enerqy  shows  a sliqht  decrease  with  increasing  activity. 

These  averaqe  enerqv  minima  sit.  near  the  poleward  edge  of  the  cresent  shaped 
reqion  of  cold  electron  precipitation. 

WORST  CASE  ENVIRONMENT 

The  concept  of  a worst  case  environment  for  larqe  space  structures  in 
near-earth,  polar  orbit  involves  an  extrapolation  of  experience  with  small 
satellites  near  qeostationarv  altitude.  The  need  for  extrapolation  derived 
from  our  historical  situation  which  presents  many  wel 1 -documented  examples  of 
severe  charqinq  at  geostationary  altitude,  a few  cases  of  small -satell ite 
chanqinq  at  ionospheric  altitudes,  and  as  yet  no  experience  with  larqe  struc- 
tures, such  as  Shuttle,  in  polar  orbit.  At  geostationary  altitude  the  worst 
charqinq  occurs  when  satellites  are  in  the  shadow  of  the  earth  durinq  sone 
substorm  injection  events.  In  this  situation  the  occurrence  of  charqinq  is 
unamhiquously  determined  by  the  location  in  enerqy  of  the  so-called  "charqinq 
peaks"  in  the  positive  ion  spectrum.  If  a satellite  charqes  to  - 5kV,  low- 
enerqy  ions  in  the  vicinity  of  the  satellite  are  accelerated  throuqh  this 
potential.  Typically,  a larqe  flux  of  ions  would  be  measured  in  the  enerqy 
channel  centered  nearest  5KeV  while  few  if  any  ions  would  be  detected  in 
energies  channels  below  this  value.  Mullen  and  fiussenhoven  (ref  10)  (198?) 
found  that  the  most  severe  charqinq  occurs  durinq  those  substorm  injection 
events  that  are  characterized  hy  stronq  fluxes  of  electrons  with  energies 
above  10  keV.  tapdctinq  electrons  with  energies  above  (below)  this  value 
produce  less  (more)  than  one  secondary  electron  per  particles  for  typical 
spacecraft  materials  (ref  11)  With  this  criterion  in  mind  Hardy  (ref  1?) 
Surveyed  more  than  10,000  passes  of  0MSP/F2  over  the  auroral  zone  to  iden- 
ti fy  conditions  under  which  the  flux  of  electrons  with  enerqy  > 1 keV  exceeded 
inio  electrons/cm^-sec-ster.  Althouqh  these  enerqetic  electron  observations 
are  useful  for  modelers  who  require  realistic,  worst-case  fluxes  it  provides 
no  empirical  guidelines  as  to  what  degree  the  satellites  actually  charge. 


With  the  launch  of  HM5P/F6  In  December  198?  it  has  become  possible  to 
specify  the  degree  to  which  charging  occur-S  in  "worst  case"  auroral  environ- 
ments, This  satellite  carried  detectors  capable  of  measuring  the  fluxes  of 
downconinq  electrons  and  positive  ions  with  enerqies  between  30  eV  and  30 
keV.  The  satellite  also  carried  detectors  to  measure  the  densities  and 
temperatures  of  thermal  ions  and  electrons,,  because  the  qeometric  factor  Of 
the  enorqetic  ion  detector  qreat.lv  exceeds  that  of  any  previously  flown,  it  is 
possible  for  the  first  time,  to  look  for  ion  "charqinq  Peaks"  as  indicators  of 
spacecraft  charqinq  in  the  ionosphere.  The  detector  systems  as  well  as  the 
methods  for  data  presentation  and  Identifying  severe  charqinq  events  are 
described  in  a companion  paper  (ref  13)  and  will  not  be  repeated  here. 


Fiqures  4 and  6 qive  the  averaqe  enerqies  (top  panels),  directional  energy 
flux  (middle  panels)  and  directional  number  flux  of  electrons  and  positive 
ions  measured  durinq  a northern,  hiqh-latitude  pass  of  DMSP  on  12  January 
1983.  The  data  are  presented  as  a function  of  ilT  in  seconds  of  the  day, 
qeoqraphic  latitude  and  longitude;  magnetic  latitude,  lonqitude  and  local 
time.  Attention  is  directed  to  the  two  minute  interval  between  35820  (0957) 
and  35940  (0959)  iit.  The  electron  flux  rose  sharnlv  from  typical  polar  rain 
values  of  2 X 10®/cm2-sec-ster , start Inq  at  35860  IIT  to  a maximum  value  of 
inW/cm2  -sec-Ster  at.  35878  UT^  The  flux  level  then  decreased  to  a nearly 
steady  value  of  5x10s  for  the  followinq  minute.  The  averaqe  energy  profile 
suggests  that  the  satellite  either  passed  through  two  closely  spaced  inverted-V 
structures  or  through  a single,  complex  inverted  V with  a very  intense  sub- 
structure at  its  poleward  boundary.  Ourinq  the  suhinterval  35860-35880  IIT, 
the  ion  flux  increased  by  three  orders  of  magnitude  with  no  easily  recognized 
increase  in  averaqe  ion  energy.  An  intense  flux  of  hioh-enerqy  electrons 
accompanied  by  an  increased  flux  of  low-energy  ions  is  v,ften  an  indicator  of 


spacecraft  charging  at  geostationary  altitudes  (rcr  14).  An  analysis  of 
individual  distribution  functions  for  ions  and  electrons,  presented  below, 
shows  that  this  can  also  be  regarded  as  a signature  of  charging  at  iono- 
spheric altitudes.  Before  examining  individual  spectral  measurements  two 
additional  comments  related  to  Figures  4 and  5 should  be  made.  First,  during 
the  interval  35880  to  35940  as  the  satellite  passed  through  the  equatorward 
(portion  of  the)inverted  V the  flux  of  ions  remained  constant  at  ~ 10® 
/cnr-sec-ster  and  their  average  energy  increased  to  several  kilovolts.  As 
demonstrated  below  no  measurable  charging  occurred  during  this  interval. 
Second,  the  electron  flux  levels  of  lOT^/cm^-sec-ster  near  35875  UT  repre- 
sent lower  bounds  on  the  actual  flux.  The  integrations  are  performed  only 
over  the  finite  energy  range  (30  eV  - 30  keV)  of  the  sensor. 


Figures  6 a-f  give  six  examples  of  phase  space  densities  for  electrons 
and  ions  with  energies  between  30  eV  and  30  KeV  as  measured  by  DMSP/F6  in 
crossing  the  inverted  V structure(s).  Before  examining  the  measurements  it 
should  be  recalled  that  both  the  electron  and  ion  detectors  consist  of  two 
analyzers.  The  low  (high)  energy  analyzer  covers  the  range  TO  eV  to  1 keV 
(1  to  30  keV)  in  10  logarithmically  spaced  steps.  Each  of  the  analyzers 
steps  from  high  to  low  in  energy.  Thus,  the  1 keV  sample  of  the  low-energy 
analyzer  occurs  almost  a full  second  before  the  1 keV  sample  of  the  high 
energy  analyzer.  In  rapidly  varying  environments  the  1 keV  measurements  of 
the  two  analyzers  can  be  quite  different.  In  smoothly  varying  regions 
measured  fluxes  agree  within  normal,  statistical  fluctuations.  The  different 
values  of  electron  distribution  functions  at  1 keV,  in  the  examples  given  in 
Figure  6 reflect  rapid  spatial-temporal  variations  In  the  environment  rather 
than  a calibration  deficiency  in  the  instrument. 
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The  electron  and  Ion  distribution  functions  in  Figure  6 were  chosen  to  il- 
lustrate conditions  leading  to  weak  (a,f),  moderate  (c»e)  and  strong  (b,d) 
spacecraft  charging.  To  help  Identify  the  degree  of  charging  expanded  plots 
of  the  low  energy  portions  of  ion-distributions  appear  as  insets.  At  0957:48 
UT  as  the  saXel-lite  entered  the  inverted  V the  ion  distribution  decreases 
monotonically  indicating  that  Che  satellite  potential  was  greater  than  or 
equai  to  - 30  V.  One  second  later  the  electron  distribution  hardened  consi- 
derably and  the  low-energy  portion  of  the  ion  distribution  shows  a peak  at 
300  eV  indicating  a vehicle  potential  of  -300  V (ref.  13).  The  rapidity  with 
which  the  vehicle  potential  fluctuates  is  shown  in  examples  c (0957:56)  d 
(0957:58)  and  e (0957:59)  where  the  charging  peak  is  seen  at  100  eV,  440  eV 
and  44  eV,  respectively.  We  note  that,  at  0957:58  UT  in  the  energy  range  9 
to  30  keV,  the  electron  distribution  function  is  monotonically  increasing. 

If  we  assume  that  the  auroral  electrons  have  undergone  a field-aligned  accele- 
ration between  the  magnetosphere  and  ionosphere,  then  the  detected  electrons 
are  secondary  and  degraded  primaries.  The  potential  drop  above  the  ionosphere 
is  at  least  30  kV.  The  primary  electron  beam  has  an  energy  greater  than  30 
keV;  beyond  the  energy  sensitivity  of  the  DMSP/F6  detection  range.  The 
final  example  at  0958:06  UT  comes  from  the  equatorward  inverted-V.  Although 
the  primary  electron  beam  has  been  accelerated  through  a potential  of  14  kV, 
the  ions  have  a monotonically  decreasing  distribution.  Potentials  > - 30  V 
are  typical  of  this  equatorward  inverted-V  encounter. 


The  control  of  spacecraft  charging  exerted  by  energetic  electrons  is  illustra- 
ted in  Figure  7.  The  top  panel  gives  the  directional  flux  of  electrons  with 
energies  > 5 KeV  (dashed  line)  and  > 10  keV  (solid  line).  As  just  mentioned 
the  flux  measured  at  0957:58  (35878)  UT  is  lower  bound  on  the  actual  flux. 

The  satellite  potentials  inferred  from  the  measured  ion  distribution  functions 
appear  in  the  bottom  panel*  We  see  that  there  are  one  for  one  variations  in 
the  energetic  electron  flux  and  the  satellite  potential.  The  degree  of 
charging  achieved  at  ftostationary  altitude  in  a given  energetic  particle 
environment  exceeds  that  expected  for  satellites  in  the  ionosphere.  In  the 
ionosphere  severe  charging  effects  should  be  mitigated  due  to  currents  carried 
by  relatively  dense,  cold  ions.  Simultaneous  measurements  from  che  thermal 
plasma  probes  in  the  vicinity  of  the  inverted-V  event(s)  are  presented  in 
Figure  8.  Data  are  presented  as  densities  of  thermal  electrons  (top  panel) 
and  ions  (bottom  panel)  determined  while  the  detectors  operated  in  the  con- 
stant bias  Mode  1 (ref  13).  A positive  bias  on  the  outer  grid  of  the  electron 
sensor  is  responsible  for  the  factor  of  two  greater  electron  than  ion  density 
prior  to  0957  and  after  0959  UT.  Note  that  between  0956  and  0957  UT  the 
electron  and  ion  densities  decreased  by  a full  order  of  magnitude.  This 
defisity  decreased  occurred  prior  to  the  first  encounter  with  the  inverted  V. 
Beginning  at  0957:30  the  current  to  the  electron  sensor  decreased  by  more 
than  another  order  of  magnitude.  Because  the  ions  show  the  opposite  response 
we  attribute  the  thermal  electron  current  suppression  as  due  to  the  increase 
satellite  charging  encountered  at  this  time. 

In  the  companion  paper,  Burke  and  coworkers  (ref  13)  presented  another 
example  of  severe  charging  by  DMSP.  In  this  event  the  satellite  potential 
only  reached  -65V.  The  present  case  differs  in  two  significant  ways.  First, 
although  the  inverted  V electron  flux  levels  were  comparable,  the  average 
energies  were  significantly  larger  in  the  present  case.  Second,  the  thermal 
plasma  density  was  an  order  of  magnitude  higher  in  the  case  presented  by 
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Burke  and  coworkers.  This  means  tha-t  there  is  roughly  an  order  of  magnitude 
less  ion  current  available  to  neutralize  the  current  due  to  energetic  elec- 
trons. It  would  appear  that  both  energetic  electrons  and  a cold  plasma 
depletion  are  required  for  satellites  at  ionospheric  altitude  to  acquire  the 
high  degree  of  charging  observed  by  DMSP  on  January  I2f_.l983, 
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Table  1 


Satellite 

Orbital  Plane- 

Altitude 

Oata  -Availability 

F2 

0600  - 1800 

840  Km 

9/77  - 2/80 

F4 

1030  - 2230 

840  Km 

6/79  - R/80 

P78-1 

0000  - 1200 

600  Km 

3/79  - present 

F6 

0600  - 1800 

840  Km 

12/82  - present 

Table  2a 

Post  Midniqht  Maxinun 


Kd 

Averaqe 

Enerqy 

Enerqy  Flux 

Maqnetic 

Latitude 

MLT 

0 

3.41 

KeV 

8. 2 7x10  7Ke  V/cm?  - sec-  ster 

6 7° 

0400-0430 

1 

4.  71 

ii 

7.65x107 

66° 

0S30-0600 

2 

3.  7« 

■« 

3.90x10® 

65° 

0130-0200 

3 

3.93 

t» 

6.98x10® 

65° 

0130-0200 

4 

3.46 

7. 10x10® 

66° 

0000-0030 

5 

— 

- 

... 

... 

— 

>6- 

6.87 

ii 

1.67xl09 

63° 

0230-0300 

Table  2b 

Pre  Noon  Maximum 

Maonetic 


Kp 

Averaqe  Enerqy 

Enerqy  Flux 

Latitude 

MLT 

0 

2.97  KeV 

2. 16xl07  KeV/cn^-sec- ster 

710 

1400-1430 

1 

3.00  " 

6.  34x1 07 

700 

0930-1000 

2 

5.68  “ 

1.07x108 

700 

1030-1100 

3 

6.40  " 

1.38x10® 

690 

1000-1030 

4 

5.02  - 

9.42xl07 

670 

1000-1030 

9 

4. 81  " 

1.33x10® 

660 

—0930-1000 

>6- 

1.80  ” 

l.or.xlO® 

65° 

0930-1000 
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Table-3 


nnoo  - 0030  mlt  mo  -1200  mlt 


Kp 

Max.  Energy 

Flux 

C.6.. 

Latitude 

Enerqy  Flux  — 

C.6. 

Latitude 

0 

1.04x10®  KeV./cn2- sec- ster 

690 

3. 75x10  7Ke  V/cm2-  sec-  Ster 

72o 

1 

1.90xlQ8 

U 

680 

4. 55x10 7 

71° 

2 

3.69x10® 

*» 

66® 

7.  79xl07 

71° 

3 

6.64x10® 

H 

65° 

5. 50xl07 

69° 

4 

7.  75x10® 

ll- 

660 

3.  SlxlO7 

67° 

5 

4.67x10® 

It 

62° 

2.61xl07 

66° 

>6- 

1.37x10® 

II 

62° 

1.92xl07 

64° 

Table  4 

Prenoon  Integral  Number  FluxMaxinum 


Ko 

Lati 

tude 

W.T 

lnteqral  Number 
Flux 

Integral  Energy 
"lux 

Average 

Energy 

0 

79° 

0800-0830 

3.05x10®  e/cn2-  sec-  ster 

7, 04xl07  e/cn2- sec- ster  232eV 

1 

78° 

0800-0830 

3. 22x10® 

8.45xl07 

272eV 

2 

78P 

0930-1000 

3.32x108 

8. 43xl07 

266eV 

3 

770 

1100-1130 

3.  80x1 08 

7.03xl07 

187eV 

4 

740 

0830-0900 

3.61x10® 

1.95x10® 

552eV 

5 
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Figure  1.  - Isocontour  maps  of  the  integral  number  flux  (IFLX)  of  precipitating 
electrons  in  units  of  electrons/cnr  sec  sr  for  the  four  activity  levels  Kn=0, 
2,  4,  and  >6-.  The  plots  are  in  a corrected  geomagnetic  latitude  - magnetic 
local  time  coordinate  system.  The  geomagnetic  pole  is  marked  by  a cross  (+). 
Midnight  magnetic  local  time  is  centered  at  the  bottom  of  each  figure,  noon 
at  the  top. 
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Figure  2.  - Isocontour  maps  as  in  figure  1 for  the  integral 
(EFLX)  of  precipitating  electrons  in  units  of  keV/cm2  sec 
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Figure  3.  - Isocontour  maps  as  in  figure  1 for  the  average  energy  (AEGY)  of 
precipitating  electrons  in  units  of  keV. 
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Figure  4.  - Average  energy,  directional  energy  flux,  and  directional  number 
flux  of  downcoming  electrons  with  energies  between  30  eV  and  30  keV. 


Figure  b.  Average  energy,  directional  energy  flux,  and  directional  number 
flux  of  downcoming  ions  with  energies  between  30  eV  and  30  keV. 
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Figure  6.  - Distribution  functions  of  electrons  and  ions  with  energies  between 
30  eV  and  30  keV  as  measured  on  12  January  1983  by  DMSP/F6. 
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(b)  At  09:57:49  UT. 
Figure  6.  - Continued 


(d)  At  09:57:57  UT. 
Figure  6.  - Continued 


(e)  At  09:57:58  UT. 


Figure  6.  - Continued 
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(f)  At  09:58:06  UT. 
Figure  6.  - Concluded. 
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Figure  7.  - Integral  flux  of  electrons  with 
energies  >5  keV  and  >10  keV  in  the  poleward 
inverted-V  structure.  The  bottom  panel  gives 
the  measured  satellite  potential  as  determined 
from  charging  peaks  in  the  ion  distribution 
functions  at  1-sec  intervals. 


■I ! I ■ ■ » ■ I 


§ 


2 J — i 1 1 ■ ■ ■ ■ I 8 

UT  0953  1000 

MLAT  61.8  66.7 

*»LT  21.4  19.7 

Figure  8.  - Densities  of  thermal  electrons  and 
ions  measured  by  DMSP/F6  in  the  vicinity  of  the 
inverted-V  structure,  in  which  large  spacecraft 
potentials  were  detected. 
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POUR  PLASMAS  AS  OBSERVED  BY  DYNAMICS  EXRLQRERS-4  AND  2* 


J.  Barfield,  J.  Burch,  C.  Gurglolo,  C.  Lin,  D.  Wlnnlngham,  and  N.  Saflekos 

Southwest  Research  Institute 
San  Antonio,  Texas  78284 


Plasma  measurements  from  the  Dynamics  Explorer  1 and  2 satellites  have  been  used 
to  characterize  the  polar  cap  environment*-  Analysis  of  numerous  polar-cap  passes  have 
indicated  that,  in  general,  three  major  regimes  of  plasma  exist: 

(1)  polar  rain — electrons  with  magnetosheath-like  energy 

spectra  but  much  lower- densities,  most 
intense  near  the  cusp  and-  weakening 
toward  the  central  polar-cap; 

(2)  polar  wind — low  energy  upward  flowing  ions  with  both 

field-aligned  and  conical  distributions; 

(3)  acceleration  events — sporadic  events  consistent  with  the 

acceleration  of  electrons  and  positive 
ions  by  parallel -electric  fields. 

< 1 )— ( 3 ) have  been  observed  at  high  altitudes- by  Dynamics  Explorer  1,  while  (1)  and-  13) 
have  been  observed  at  low  altitudes  by  Dynamics  Explorer  2.  The  plasma  parameters 
associated  with  these  plasma  regimes  are  presented  and  discussed  in-terms  of  source 
and  acceleration  mechanisms. 


INTRODUCTION 


The  polar  cap  is  a region  threaded  by  magnetic  field  lines  which  intersect  the 
earth  poleward  of  the  auroral  oval.  The  magnetic  field  lines  of  the  polar  cap  are 
generally  accepted  as  either  being  open  or  closed  at  such  large  distances  from  the 
earth  that  they  are  effectively  open.  This  linkage  between  the  polar  cap  ionosphere 
and  the  interplanetary  medium  makes  the  polar  cap3  extremely  important  in  the  study  of 
the  interaction  between  the  solar  wind  and  the  high- latitude  ionosphere.  Since  the 
polar  caps  are  not  directly  connected  to  those  closed- line  regions  of  the  magneto- 
sphere where  plasma  and  energy  are  stored,  electric  fields,  currents,  and  particle 
precipitation  in  the  polar  caps  respond  quickly  to  changes  in  solar  wind  conditions. 
Many  authors  have  studied  the  relationships  between  the  solar  wind  conditions  and  the 
polar-cap  environment.  However,  much  remains  unknown  at  present  concerning  the  char- 
acteristics of  polar  cap  plasmas. 

*This  work  was  supported  by  the  Air  Force  Geophysics  Laboratory  under  Contracts 
F19628-82K-0024  and  FY7121-83-N-001 , by  NASA  under  Contracts  NAS5-26363  and  NAS5- 
25693,  and  by  the  Southwest  Research  Institute  Internal  Research  Program. 


155 


PRECEDING  PAGE  PLANK  NOT  FILMED 


Examination  of  the  DE-1  and-OE=2  data  has  provided  new  information  on  three  major 
polar- cap  plasma  regimes; 


(11_poiar  rain— electrons  with  magnetosheath- like  energy  spectra  but  much 
lower  densities,  most  intense  hear  the  cusp  and  weakening  toward  the 
central  polar  cap; 

(-21  accelerated,  polar  wind— low  energy. jupward-f lowing  ions  with  both  field- 
aligned  and- conical  distributions;  . 

(3)  acceleration  events— sporadic  events  consistent  with  the  acceleration  of 
electrons  and  ppsitive-ion3  by  .parallel  electric  fields. 

The  Dynamics  Explorer  satellites,  launched  in  1981,  have  afforded,  new  and  unique 
opportunities  to  probe  polar  Cap  plasmas.  (Details  of  the  satellites,  their  orbits* 
and  instrumentation  may  be  found  in  Space  Science  Instrumentation,  Vol.  5,  No.  4, 
1981—  special  issue.)  The  combined  high-altitude  polar  orbit  of  Dynamics  Explorer  1 
(DE-t)  and  the  low-altitude  polar,  orbit  of  Dynamics  Explorer  2 (DE-2)  have  been  used 
to  observe  the  polar  capjplasma  environment  on_a  large  number  of— passes. 

The  next  section  briefly  describes  the  instrumentation  used  for  the  observations. 
Following  that,  the  next  three  sections  present  observations. 


INSTRUMENTATION 


The.  DE=1  satellite  was  launched  on  August  3,  1981,  into  an  elliptical  polar  or- 
bit with  an  apogee  of-  4.6  RE  geocentric  and  a perigee  of.  650  km  altitude.  The  DE-1 
High  Altitude  Plasma  instrument  (HAPI)  consists  of  five-electrostatic  analyzers 
mounted  in  a fan^ shaped  angular  array  at  angles  of  45°,  78°,  90°,  102%  and  135°  with 
respect  to  the  spacecraft  spin  axis . Each  analyzer  makes  differential  measurements 
of  positive  ions  and  electrons  over  ah  energy  per  charge  range  of  5 eV/e  to  32  keV/e. 
The  energy  stepping  rate  may  be  commanded  over  a range  up  to  64  sec-1,  producing 
three-dimensional  plasma  distributions  at  the  six-second  spin  period  of  DE-1  (see 
ref.  1 for  details!. 

The  DE-2  satellite,  launched  with  DE-1  on  August  3,  1981,  has  an  elliptical 
polar  orbit  at  approximately  300  x 1000  km  altitude.  DE-2  is  three-axis  stabilized, 
with  one  axis  in  the  zenith,  another  perpendicular  to  the  orbit  plane,  and  the  last 
completing  a right-hand  triad.  The  DE-2  low  Altitude  Plasma  Instrument  (LAPI)  con- 
sists of  15  ion  and  15  electron  energy/unit  charge  analyzers  mounted  on  an  external 
scan  platform  (ref.  2).  The  detector  array  can  be  held  approximately  fixed  (<1>) 

With  respect  to  the  local  magnetic  field  vector.  The  plane  of  the  sensors  is  in  the 
orbital  plane  and  thus  in  the  local  magnetic  meridian  plane.  Two  pairs  of  out-of- 
plane detectors  allow  for  sampling  near  0°  and  180®  pitch-angle  when  the  magnetic 
field  vector  deviates  significantly  from  the  plane  of  the  detector  array . 


OBSERVATIONS 


Polar  Rain 

Winningham  and  Heikkila  (ref.  3)  first  described  polar  rain,  using  data  from  the 
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ISIS  t satellite..  Polar  rain  is  the  roost  common  type  of  particle  precipitation-  over 
the  polar  caps.  This  broad  and  relatively  structureless  electron  precipitation  can 
often  fill  the  entire  polar  cap.  The  precipitating:  electrons  typically  have  thermal 

energies-  on  the  order  of  140  ev  and  are  isotropic  over  the  downcoming  hemisphere.  The 

energy,  flux  carried -by  the  particles  is  of  the  order  Of  IQ"3  to  lO”2- erg.  cm”2sec"' 

( ref .—4) . The  spectral  distribution  of-the  polar  rain. electrons- has  the  same  shape  as  — 
that  of  cusp  electrons,  but  is  lower  in  intensity,  suggesting,  that  polar  rain  origi- 
nates in  the  magnetosheath  and  travels  to  the  polar iono sphe re  via  the.  lobes  of  the — 
magnetotail . 

Figures  la  and  1b  show  differential  energy  flux  from  the  LAPI  instrument  aboard 
DE-2  for  a portion,  of  a polar  pass  on  day.  295  (22  October)  of  1981.  The  top  panel 
shows  data  for- 8°  pitch,  angle  electrons,  and  the  bottom  panel  shows  45°-  pitch,  angle 
ion.  data.  The  upper  center  panel  shows  90°  and  0°  pitch  angle  electron  data  from  the 
GM.  tube.  The  data  are  coded  according,  to  the  color  bars  at  the  right..  Satellite 
ephemeris  is  shown  at  the  bottom,  in  this  particular  pass,  DE-2  passed  through  the 
northern  polar  cusp  at  approximately  1306-1307  UT  and  into  the  polar,  cap.  The  polar 
rain  can  be  seen  clearly  as  a bright-  band  in  the  electron  panel  over  the  energy  range 
“60-600  eV.  The  electron  flux  intensity  remained  fairly  constant  in  intensity  Until 
just  after  1309  UT  when  it  abruptly  decreased.  Notice  the  lack,  of  Ion  fluxes  over  the 
polar,  cap. 

Figure  2 shows  line  plots  of  the  average- energy,  energy  flux,  and  density  of.  the 
downcoming  electrons  for  1306-1311  UT.  These  parameters  are  obtained  by  integrating 
distribution  functions  over  energy  from  5 eV  to  20  keV.  During  the  entire  interval, 
the  average  electron  energy  and  density  remained  roughly  constant.  The  average  energy 

was  about  100  eV  and  the.  density  of  downcoming  electrons  was  in.  the_range  of  1-5  cm"3. 

These  values,  of  energy  and  density  are  representative  of  the  polar,  rain..  After  exit 
from  the  cusp  at.  about  130T  UT,  the  energy  fluX-  increased  very  Slightly  toward  the 
pole  until  just  after  1309  UT  when  it  decreased  by  approximately  50%. 

Figure  3 shows  a DE-1  high-altitude  polar-  pass  approximately  three  hours  after 
the  DE-2  pass  shown  in  Figure  1.  During  the  interval  1617-1619  UT,  DE-1  traversed 
the  magnetic  local  time  and  invariant  latitude  corresponding  to  those  of  DE-2  just 
poleward  of  the  cusp  in  Figure  la.  The  format  is  the  same  as  for  Figure  1,  except 
for  the  absence  of  GM  tube  data.  The  polar  rain  may  be  seen  as  a band  in  the  spec- 
trogram over  the  energy  range  “100-600  eV.  Bracketing  the  polar  rain  are  counter- 
streaming energetic  (E>600  ev)  electron  beams  at  0°  and  180°  pitch  angle  and  upward- 
moving  low-energy  (E<100  eV)  electron  beams.  The  source  of  the  energetic  counter- 
streaming electrons  is  open  to  question  and  presently  under  study  by  Gurglolo  and 
BUrch  (unpublished) . Two  possibilities  for  the  source  would  be  reflection  by  a 
potential  barrier  at  the  magnetopause  (ref  . 6)  or  direct  access  of  solar-  electrons. 
Upstreaming  ion  eunics  may  be  seen  in  the  lower  panel. 

Comparing  Figure  1 and  Figure  3,  it  iS  interesting  to  note  that  the  polar  rain 
is  of  the  Same  roectral  nature  at  both  altitudes,  suggesting  the  absence  of  any  sig- 
nificant acceleration  between  the  two  satellite  locations.  To  demonstrate  further 
the  similarity  between  the  electrons  at  the  two  satellites.  Figure  4 shows  number 
density,  energy  flux,  and  average  energy  at  DE-1  for  the  period  1614-1619  UT.  The 
average  energy  was  “100  eV,  density  was  «t  cm"3  and  the  energy  flux  was  0.8  ergs 
cm"2s"^.  The  corresponding  values  at  lower  altitudes  were  »100  eV,  “2  cm"3,  and  “0.8 
ergs  cm-2s" 1 . 
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A-  detailed  look  at  the  near-field-aligned  electron  populations  at  the  two  satel- 
lite locations  is  provided  in  Figure  5*  Shown- are  three  data  sets  -- two  single  ener- 
gy sweeps  from  LAP I , one  just  at  the  poleward  edge -of  the  cusp  and  one  approximately 
10°  poleward  of  the  cusp,  and  a single  energy  sweep  from  HAPI  at  a location -which 
maps  to  near  the  location  of  the  first  LAPI  spectrum*-  Front- Figure  3 we  first  can 
see  that  above  photoelectron  energies  the  LAPX  population -can -be  represented  by  a. 
Maxwellian,  allowing  the  temperatures  to  be  estimated.-  Near  the  cusp  a least  squares. 
fit  gives- a temperature  of  92  eV,  while  farther  poleward  the  temperature  is  99  ev* 

The  HAPI  spectrum  appears  well-fitted-  by  two  Maxwe Ilians  above  photoelectron  ener- 
gies. The  low-energy  population  has  a least-squares  fit  temperature  of  65  ev,  while 
the  higher  energy  population  has  a temperature  of  141  eV. 


Accelerated  Polar  Wind 

The  polar  wind  refers  to  the  continual  escape  of  ionospheric-  plasma  from  the 
polar  ionosphere  along  open  magnetic  field  lines.  This  escape  of  particles  has  con- 
sistently been  observed  to  lead  to  a depletion,  of  light  ionospheric  ions  (ref.  7)  and 
electrons  in  the  upper  polar  ionosphere.  Until  recently,  observations  of  the  polar 
wind  in  the  literature  were  limited  to  the  low^altitude  observations  of  Hoffman  and 
Dodson  (ref.  7) . They  reported  a continual  upward  flow  of  HT*"  and  He+  over  the  polar 
caps  in  the  range  1-5  km/sec  and  1-1  km/sec,  respectively*  The  low  energy  of  these 
particles  precluded  most  instruments  from  directly  obtaining  a distribution  function. 
However,  as  pointed  out  by  Gurgiolo  and  Burch  ( ref . 5 ) , polar-wind  models  predict 
that  the  particle  velocity  should  increase  with  altitude  (ref.  8) . Thus,  the  high 
altitude  satellite  DE-1  is  an  ideal  platform  from  which  to  study  the  polar  wind. 

Plasma  data  from  DE--1  polar-passes  indicate  that  ions  with  peak  differential 
energy  fluxes  in  the  5 to-  tOff  eV-  range  are  Continually  flowing,  out  of.  the  dayside 
cusp  and.  polar  cap.  The  flows  have  both  a field-aligned  and  a conic  component.  The 
field-aligned  component  is  unmistakably  the  polar  wind.  Gurgiolo  and  Burch  (ref.  5) 
concluded  that  the  conics  observed  in  conjunction  with  the  polar  wind  are  polar-wind 
ions  that  have  been  perpendicularly  heated  *- 

The  polar-wind  observations  to  be  discussed  were  made  during  a polar  pass  on  day 
272  (September  29)  of  1981.  Figure  6 consists  of  3 sets  of  particle  spectrograms  on 
the  same  format  as  Figure  3.  Each  spectrogram  displays  the  differential  energy  flux- 
for  the  particle  detectors  which  lie  closest  to  the  plane  containing  the  local  mag- 
netic field  vector. 

Figure  6 shows  a continuous  band  of  upward  flowing  ions  (near  180°  pitch  angle) . 
The  satellite  was  inside  the  cusp  during  the  interval  covered  in  Figure  6a.  At  1411 
UT,  the  satellite  passed  through  the  poleward  cusp  boundary.  The  upward  ions  showed 
a gradual  increase  in  energy  throughout  and  slightly  poleward  of  the  cusp,  then  they 
begin  to  decrease  steadily,  the  peak  in  the  differential  energy  flux  eventually  drop- 
ping below  the  lowest  energy  channel  of  HAPI*  Within  the  cusp,  the  conic  and  field- 
aligned  ions  appear  as  "tuning  forks"  in- the  spectrograms,  in  the  polar  cap  the  con- 
ics become  less  and  less  apparent,  as  the  energy  and  angular  separation  of  the  conic 
and  field-aligned  ions  decrease.  In  the  polar  cap,  there  also  is  a shift  in  the 
field-aligned  ions  from  »180°  pitch  angle  to  »165Q , indicating  an  antisunward  flow. 

Figure  7 shows  a detailed  view  of  the  field  aligned  ion  population.  Two  data 
sets  are  shown,  each  of  which  was  averaged  over  four  satellite  revolutions  to  improve 
counting  statistics.  Each  of  the  distributions  was  transformed  to  the  rest  frame  of 


the  plasma  prior  to  averaging  (except  for  S/C  charging  which  was  about  20V) . The  two 
data  sets. were  taken  beginning  1434:05  UT  (solid  circles)  and  1434:54  UT  (open 
circles)  — In  Figure  7 Maxwellian  distributions  are  straight  lines,  with,  the  slope 
being  proportional  to  the  plasma  temperature  and  the  intercept  with  the  distribution 
axis  being  proportional  to. -the  plasma-density. 

From  Figure  7 we  can- see- that- the  field-aligned  ion- component  observed- in  the 
polar  regions  is  comprised  of  two-  ion.  populations— a low  energy  component  with  tem- 
perature below  .5  eV  and- a.  high  energy  tail  with  temperature  above  1.5  eV.  Both  ion 
populations  would  .appear  to  be  Well  represented  by,  a Maxwellian  distribution,  allow- 
ing Idle  estimates  of.  the  temperatures  to  be  made.  A least  squares  fit  to  the  low- 
energy  population  of  Figure  7 gives  a temperature  of  .29±.16  eV  (3200°K±1800K) . The 
corresponding  temperature  of  the  high-energy  plasma  population  in  Figure  7 is  found 
to  be  2. 7 ±.7  eV.  The  peak  at  about  1 ev  maybe  due  to  an  ion  heavier  than  H+. 

There  is  little  doubt  that  the  lower  energy,  fiej.  --aligned  ions  constitute  the 
"Classical"  polar- wind.  The  high  energy  tail,  however,  is  not  a feature  predicted  by 
polar-wind- models.  It  is  likely  that  this  hotter  plasma  is  the  result  of  a perpen- 
dicular heating  of  polar-wind  ions.  Assuming  that  all  ions  in  the  polar  wind  are  of 
equal  temperature.  Figure  7 gives  heating  on  the  order  of  4 to  10. 

We  envision  a scenario  as  shown  in  Figure  8 occurring  during  the  polar  wind 
escape  along  magnetic  field  lines.  At  low  altitudes  the  generation  of  the  polar  wind 
occurs  and  ionospheric  ions  begin  to  escape  along  the  open  polar  cap  and  cusp  field 
lines  (Figure  8a) . The  presence  of  ion  perpendicular  heating  along  the  open  field 
lines  produces  the  characteristic  conic  signature  (Figure  8b) . The  distribution 
above  the  heating  region  can  be  considered  a two-component  plasma  consisting  of  un- 
heated and  heated  polar-wind  particles.  The  unheated  polar  wind  is  still  field 
aligned,  while  the  heated  ions  have  large  velocities  in  the  direction  perpendicular, 
to  B.  As  the  distribution  travels  upward,  the  perpendicular  arms  of  the  distribution 
will-  begin  to  collapse  toward  the  magnetic  field  direction  in  accordance  with  the 
first  adiabatic  invariant,  and  a field-aligned  high  energy  tail  to  the  polar  wind 
should  develop  (Figure  8c).  Figure  8d  shows  contours  of  a typical  conic/polar-Wind 
population  measured  in  the  cusp  on  day  272. 

Ion  conics  have  been  reported  by  numerous  people  (Refs.  9 and  10).  Theories  as 
to  the  production  of  the  conic  ion  distribution  have  favored  a perpendicular  heating, 
by  electrostatic  ion-cyclotron  waves  (ref.  9,  refs.  11  and  12),  although  recently 
(ref.  13)  it  has  been  proposed  that  a heating  by  lower  hybrid  waves  may  also  be  a 
viable  conic  generation  mechanism.  The  problem  is,  however,  that  most  of  these  theo- 
ries are  applicable  only  at  low  altitudes  in  the  auroral  zone.  Adaptations  of  the 
theories  to  the  environment  of  the— polar  cap  must  be  made  to  explain  these  observa- 
tions— 

Using  the  observed  conic  pitch  angle  distribution,  the  altitude  of  the  observa- 
tion and  an  assumed  value  for  the  initial-  conic  pitch  angle,  it  is  possible  through 
the  first  adiabatic  invariant  to  estimate  the  altitude  of  the  conic  generation,  in 
general  the  initial  conic  pitch  angle  for  such  computations  is  assumed  to  be  90°; 
however,  if  the  source  plasma  already  has  a significant  V n , as  the  polar  wind  does, 
then  the  initial  conic  pitch  angle  is  expected  to  shift  to  lower  values.  Using  a di- 
polar magnetic  field  approximation  and  estimating  the  values  of  the  initial  conic 
pitch  angle  through  energy  conservation  arguments  (which  assume  that  V u does  not 
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change  between  the  observation  height  and  the  conic  height)  we  estimate  the  heating 
to  occur  at  an  altitude  of  about  12,000  km — constant  throughout  both  the  cusp  and 
polar  cap.  By  using  an  initial  conic  pitch  angle  of  00°  we  can  place  a r^pr  Tjmjt 
to  the  heating  altitude-at  8000  km. 


Acceleration  Events 

The  electrical  coupling  between  the  high-altitude  and  low-altitude  regimes  of 
the  polar  cap  is  an  -important  aspect  of  magnetosphere- ionosphere  interactions.  The 
unique  placement  of  the  Dynamics  Explorer  orbits  with  respect  to  each  Other  has 
afforded  an  excellent  opportunity  to  investigate  this  coupling  between  the  two 
regimes*  Frequently,  DE-1  and  DEr-2  observe  signatures  of  field-maligned  acceleration 
of  ions  and  electrons  above  the  polar  cap.  In  this  section,  we  briefly  present  ob- 
servations- made  on  October  17,  1981  (day  81290)  above  a "theta  auroral  signature. 

Figure  9 shows  a spectrogram  of  180°  ions  and  0°  pitch  angle  electrons  from 
HAPl*  The  satellite  crossed  the  polar-cap  arc  field  lines  during  the  interval  1630- 
1650  UT.  Two  intervals  of.  intense  electron  fluxes  below  1 keV  were  seen:  «1631 :30- 

1633:15  UT  and  “1642-1649  UT.  Figure  10  shows  contour  plots  of  the  log  of  the  dis- 
tribution functions  of  ions  (Figure  10a)  and  electrons  (Figure  10b)  for  the  interval 
1632:45-16324 57  ut.  The  ions  showed  a strong  upgoing  beam  at  approximately  100  eV. 
The  electron  fluxes  were  isotropic  except  for  a loss  cone.  Thus,  the  combined  elec- 
tron and  ion  observations  indicated  that  an  approximately  100  eV  potential  drop  lay 
below  the  satellite  altitude. 

Figure  11  shows  contours  in  the  same  format  as  Figure  10,  for  the  interval 
1646:30  to  1646:36  UT.  By  this  time  the  ions  had  become  isotropic,  while  the  elec- 
trons showed  a- downcoming  beam  of  «1Q0  eV.-  Thus,  the  acceleration  region  appears  now 
to  be  above  the-satellite  altitude  (17313  km)  while  remaining  at  »1GQ  eV. 

The  plasma  characteristics  described  above  are  very  similar  to  those  observed  by 
DE-1  in  the  high  altitude  (>1-5,000  km)  nightside  auroral  zone,  except  that  the  energy 
of  the  polar  cap  acceleration  events  is  lower.  Correlation  studies  by  Hardy  et  al. 
(ref.  14)  have  already  noted  that  the  plasma  signatures  of  polar  cap  acceleration 
events  at  low  altitudes  are  similar  to  those  of  evening  discrete  arcs.  The  parallel 
electric  field  responsible  for  the  polar- cap  acceleration  could  be  produced  by  the 
same  process  as  the  evening  auroral  arcs. 

Satellite  observations  of  convection  and  electron  precipitation  at  low  altitudes 
(<1000  km)  have  indicated  that  convective  electric  fields  point  toward  the  region  of 
polar-cap  acceleration  (V*E<0)  (ref.  15).  The  polar  cap  acceleration  region  is 
therefore  a region  of  negative  space  charge.  Burke  et  al.  (ref.  16)  used  the  simul- 
taneous electric  field,  magnetic  field  and  electron  flux  measurements  of  the  S3-2 
satellite  to  demonstrate  that  upward  Birkeland  currents  were  embedded  in  regions  of 
polar  cap  acceleration.-  These  observations  suggest  that  field-aligned  potentials 
develop  as  a result  of  imperfect  mapping  of  magnetospheric  convective  electric  fields 
to  the  ionosphere  (ref.  14}  ref.  16). 
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SUMMARY  MD  CONCLUSIONS 


Plasma-  measurements- made  on  the  Dynamics  Explorer  t and  2 spacecraft  are  pro- 
viding new  information  on  the  altitude  dependence  of  polar-cap  plasma. populations, 

their  sources,  and  the  acceleration  processes-they  undergo.  In  this  study,  we  have 
found- that  the  polar^rain  electron  population  apparently  exhibits  no  significant 
altitude  dependence  between  altitudes  of  a few  hundred  to-  ~20 , 000  km.  This  result 
was  expected  from. the  magnetosheath- like  energy  spectrum  of  the  low-altitude  polar 
rain. 

In  the  case  of  the  polar  wind,  a significant  velocity  increase  was  theoretically, 
predicted  to  occur  between  the  two  spacecraft  altitudes,  and  this  effect  has  been 
Confirmed  by  the  DE-1  plasma  measurements.  A major  result  of  our  study  of  the  accel- 
erated polar  wind,  is  its  significant  conic  component,  which  indicates  that  the  ions 
are  heated  perpendicularly  as  they  emerge  from  the  polar-cap  ionosphere.  The  gradual 
decrease  in  polar-wind  energy  that  is  observed  to  occur  from  the  cusp  across  to  the 
nightside  polar  cap  suggests  that  the  perpendicular  heating  process,  probably  in  cy- 
clotron waves,  is  most  intense  near  the  cusp  region. 

Significant  altitude  effects  are  also  observed  in  the  plasmas  that  occupy  mag- 
netic flux  tubes  connected  to  polar-cap  auroral  arcs  (or  theta-  auroras) . At  DE-2, 
typical  low-energy  (~100  eV)  inverted-V  electron  distributions  are  observed.  At  DE-1 
the  electron  and  positive- ion  distribution  functions  are  consistent  with  electro- 
static potential  drops  that  are  at  times  below  the  typical  DE-1  altitude  of  15,000  to 
20,000  km- and. at  times  above  these  altitudes.  -Thus,,  compared  to  auroral-oval  accel- 
eration regions  those  in  the  polar  cap  appear  to  be  weaker  and  at  significantly 
higher  altitudes. 
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E-lgure  1.  - LAPI  energy-time  spectrogram  for  DE-2,  day  295  of  1981 
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(a)  14:04_ to  14:07  UT. 


(b)  14:16  to  14:19  UT. 


Figure  6.  - HftPI  energy-time  spectrogram  of  DE-1,  day  272  of  1981. 


168 


(C)  14:31  to  14:34  UT. 

Figure  6.  - Concluded. 
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Figure  7.  - HAPI  vel 
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Figure  8.  - Evolution  of  polar  wind 
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Figure  9.  - HAPI  energy-time  spectrogram  of  DE-1 , day  290  of  1981. 
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AURORAL/PQLAR  CAP  ENVIRONMENT  ANO  US  IMPACT  QN 
SPACECRAFT  PLASMA  INTERACTIONS* 


Henry  B.  Garrett 
Jet  Propulsion  Laboratory 
California  Institute  of  Technology 
Pasadena, California  91409 


As  space  systems  become  more  complox,  they  have  demonstrated  on 
Increasing  sensitivity  \o  the  space  environment.  Although  the  shuttle  will 
not  In  general  be  In  orbit  long  enough  to  suffer  severe  radiation  exposure 
nor  normally  experience  the  "hot"  particle  fluxes  responsible  for 
geosynchronous  spacecraft  charging,  deleterious  environmental  effects  are 
anticipated  at  shuttle  altitudes.  The- high  density  of  the  plasma  at 
shuttle  altitudes  Is,  for  example,  likely  to  Increase  grectly  the 
possibility  of  arcing  and  shorting  of  exposed  high  voltage  surfaces.  For 
military  missions  over  the  polar  caps  and  through  the  auroral  zones,  the 
added  hazards  of  high  energy  auroral  particle  fluxes  or  solar  flares  will 
further  increase  the  hazard  to  shuttle,  its  crew,  an*.  Its  mission.  The 
purpose  of  this  presentation  Is  to  review  the  role  that  the  auroral  and 
polar  cap  environment  play  in  causing  these  Interactions.  A simple,  though 
comprehensive  attempt  at  modelling  the  shuttle  environment  at  400  km  will 
be  described  that  can  be  used  to  evaluate  the  importance  of  the 
interactions.  The  results  of  this  evaluation  ere  then  used  to  define  areas 
where  adequate  environmental  measurements  will  be  necessary  if  a true 
spacecraft  Interactions  technology  ie  to  be  developed  for  the  shuttle. 


INTRODUCTION 

As  the  pece  of  space  activities  Increases  with  the  advent  of  the 
"shuttle  era",  the  concern  of  engineering  and  scientific  communities  over 
possible  adverse  interactions  between  the  6psce  environment  and  spacecraft 
systems  has  grown  proportionally.  In  particular,  with  the  desire  for 
largo,  high  voltage  structures,  cost,  complexity,  and  sensitivity  of 
spacecraft  have  increased  greatly.  The  necessity  for  long  (10  years  or 
moro)  mission  durations  in  order  to  recoup  expensive  development  casts  has 
further  intensified  the  concern  for  "endurable"  or  "eurvi vable"  spacecraft. 
Although  much  experience  has  been  gained  in  these  matters  over  the  last  25 
years,  the  feet  Is  that  there- are  still  major  gape  in  our  knowledge  of  how 
systems  effect  and  are  effected  by  the  environment.  After  the 
geosynchronous  environment,  which  has  been  studied  extensively  over  the 
last  decade,  the  earth's  polar  and  auroral  environments  at  shuttle 
altitudes  poso  the  greatest  risks  to  future  space  systems.  The  objective 
Of  this  study  is  tu  review  the  capabilities  that  currently  exist  to  predict 
the  shuttle  aurorel/polar  environments  end  to  compare  the6o  predictions 

♦This  paper  presents  the  results  of  one  phase  of  research  carried  out  at 
the  Jet  Propulsion  Laboratory,  California  Institute  of  Technology,  under 
contract  NAS  7-910,  sponsored  by  the  National  Aeronautics  and  Space 
Administration  and  by  the  Air  Force  Geophysics  Laboratory. 
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with  similar  ones  for  the  equatorial  environment,  in  order  te  Limit  the 
analysis,  this  study  will  only  consider  the  onvironmnnt  at  4QQ  km  over  the 
northern  hemisphere  during  winter.  Fvnn  with  this  limitation,  the  amount 
O-f  Information  cnvorod  is  ©till  enormous.  As  a rooult,  wa  havo  further 
restricted  the  study  to  periods  of  high  solar  (sunspot  number,  R,  of  1 00 J 
and  geomagnetic  activity  (goomagnottc  activity  lovol,  Kp,  of  B0).  The 
emphasis  will  not  bo  on  the  accuracy,  hut  rather  an  the  models  necessary  to 
adequately  opacify  the  shuttle  environment.  Mstings  of  the  actual  models, 
data  for  other  Locations  and  conditions,  and  references  to  modulo  not 
covered  in  the  report  can  ha  obtaieod  directly  from  the  author. 

Tho  secondary  object  of  tho  study  is  to  detormlnu  the  relative 
Importance  end  sensitivity  of  different  types  of  environmental.  Interactions 
oe  o function  of  tho  environment.  To  occompLIsh  this,  whore  possible,  tho 
modellod  onvl  ronmonto  have  boon  used  to  predict  tho  lovoL  of  tho 
anticipated  interaction.  Although  this  has  proven  to  bo  a valuable  output 
from  the  study,  the  Interactions  models  employed  wore  by  necessity  quite 
simplistic  60  that  the  absolute  lovels  prodistod  era  not  Intended  to  bo 
accurate.  Rather,  tho  results  demonstrate  potential  poremeter 
sensitivities  and  areas  where  tho-envi ronmontal  models  need  tu  bo  improved. 

The  report  is  organized  into  4 sections  dependent  on  tho  environment 
being  considered.  In  this  study,  only  the  natural  atmosphere,  geomagnetic 
field,  ionosphere,  and  auroral  environment  at  shuttle  altitudes  were 
considered.  Models  of  the  cosmic  ray  flux,  radiation  level,  solar 
electromagnetic  flux,  ambient  electric  field,  gravity  field,  and  debris 
environment  will  be  presented  at  a later  time.  For  each  of  the 
environments  studied,  an  interaction  Is  modelled.  For  the  neutral 
environment,  the  dreg  16  computed.  For  the  geomagnetic  field,  the  induced 
vxB  electric  field  ia  estimated.  For  the  ionosphere  end  auroraL 
environments,  the  vehicle  to  specs  potential  is  estimated.  The  results  of 
this  analysis  demonstrate,  as  would  be  anticipated,  that  there  are  indeed 
major  differences  in  the  environment  between  the  equatorial  and 
auroral/polar  environments  that  are  reflected  in  the  interactions. 

THE  NEUTRAL  ATMOSPHERE 

By  far  the  major  env * ronmontal  factor  at  shuttle  altitudes  is  the 
earth's  ambient  neutral  atmosphere.  Whether  it  be  through  drag  or  the 
recently  discovered  interactions  with  atomic  oxygen,  the  effect  of  the 
neutral  atmosphere  (predominately  the  neutral  atomic  oxygen)  on  spacecraft 
dynamics  and  surfaces  greatly  exceeds  any  of  the  other  effects  that  will  be 
considered  in  this  report.  Currently  there  exist  a number  of  models  of  the 
earth's  neutral  atmosphere.  These  models  are  based  on  differing  ratios  cf 
data  and  theory.  The  3 main  sources  of  data  at  shuttle  altitudes  have  been 
neutral  mass  spectrometers,  Accelerometers,  and  orbital  drag  calculations. 
Without  going  into  detail,  most  models  attempt  to  fit  the  obeervetions  with 
seme  fo  ia  of  an  algorithm  thet  includes  the  exponential  fall  off  of  the 
neutral  density,  tho  effects  of  increasing  solar  activity  (particularly  in 
the  ultraviolet),  the  local  time,  and  geomagnetic  uctivity.  Of  these,  the 
large  variations  associated  with  increasing  geomagnetic  activity  (and 
subsequent  heating  of  the  atmosphere)  have  eluded  adequate  modelling  by 
this  fitting  process.  Unfortunately,  it  is  clear  from  many  sources  (see, 


for  example,  ref.  1)  that  those  variations,  particularly  In  density,  over 
the  auroral  zone  often  dominate  the  Oeutrollonvlranmervt  and- that  to  date  no 
adequate  method  of  including  these  effects  In-  the  models  has  been  devised- 
(soma  recent  very  sophisticated  theoretical  Computer  models  do  hold 
promise,  however). 

With- the  preceding  caveat  in  mind,  2 models  were  used  to  compute  the 
variations  In  drag  due  to  the  neutral-  atmosphere  at  400  km.  These  are  the 
Jacchia  1972  model  (ref.  2)  and  the  MSIS  model  (ref6».  3 and  4J.  These 
models  are  readily  available  In  computer  format  and  have  been  well 
developed  over  the  last  decade.  For  the  purposes  of  thl6  study,  the 
Jecchie  1972  model  results  are  presented  (the  MS1&  model  results  deviate  by 
about  20%  from  the  Jacchia  values  on  the  average — a relatively  smell  value 
given  the  much  larger  average  uncertainties  in  the  models  themselves). 
Figure  1 illustrates  the  type  of  output  that  can  be  obtained.  As  stated 
earlier,  the  results  are  for  the  northern  hemisphere  (the  reader  is  looking 
down  on  the  north  pole  with  the  projection  in- terms  of  equal  latitude 
intervals)  and  *|Q0  km.  The  geomagnetic  condi tiohs  for  the  model  are  for 
F10.7=  2.2  x 1Q“2D  W-m2-iiz-1  (the  6olar  radio  flux  et  10.7  cnt;  believed  to 
be.  proportional  to  the  extreme  ultraviolet  flux)  and  Kp=60.  These  give  an 
exospheric  temperature  of  about  1500  °K. 

Several  features  are  apparent  in  the  figure.  First  is  the  two-fold 
increase  In  density  from  midnight  to  noon.  Further,  there  is  the 
pronounced  shift  by  2 hours  of  the  peak  in  the  density  and  temperature 
maxima  away  from  local  noon.  This  well  know  phenomena  results  from  the 
rotation  of  the. earth  and  causes  the  peek  in  atmospheric  heating  to  occur 
a-fter  local  noon.  The  figure  shows  no  clear  feature  associated  with  the. 
euroral  zone.  This  i6  directly  due  to  the  averaging  techniques  used  in 
deriving  models  of  this  type  which  smooth  out  the  density  waves  actually 
ob  erved  over  the  auroral  zone.  Even  so,  the  model  results  are  useful  in 
estimating  the  levels  of  atmospheric  drag  and,  when  the  processes  are 
better  kno^n,  the  Levels  of  shuttle  "glow"  and  surface  degradation. 

The  major  effects  of  the  neutral  atmosphere  at  400  km  result  from  the 
Impact  of  neutral  particles  on  spacecraft  surfaces.  Thl6  causes  drag  end 
surface  damage.  The  standard  expression  for  the  drag  force  16: 

F(drag)  = 1/2  pV2  CD  A = 

= -(300  - 5000)  dynes  (1) 

where  j _15 

p =10  g/cnr  et  400  km 
CD  = drag  coefficient  = 2.2  - 4.0 
A - cross-sectional  area  of  spacecraft 
= —50  m2  (Frontal)  for  shuttle 
= —400  nrtBase)  for  shuttle 
V = spacecraft  velocity 
= 7.6  km/ a 

Comparing  these  values  with  Figure  1,  it  is  evident  that  uncertainties  in 
ths  orientation  of  the  shuttle  and  lack  of  knowledge  In  the  drag 
coefficient  era  equal  to  or  greater  than  variations  in  the  neutral 
environment  at  these  altitudes.  Given,  however,  the  vary  real  uncertainty 
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in  the  effects  ef  auroral  heating,  it  16  also  apparent;  that  these 
variations,  if  they  are  greater  than,  e-factor  of  10  (which  they  can-be), 
will  be  the  major  aon-trlbator  to  uncertai  nti  aa  -i  n n eut  re  l drag 
calculations. 


MAGNETIC  FIELD- 

Aside  from  the  gravitational  fiold  of  the  earth,  the  geomagnetic  field 
at  Ghuttla  altitudes  is  the  most  accurately  known.  It  can  be  crudely 
modelled  in  terms  of  a tilted  M1°  from  geographic  north)  magnetic  dipole 
of  magnitude  8x102°  G-cm3.  Numerous  accurate,  models  of  this  field  exist. 
Here  we  have  u6ed  th  • P0G0  model  (refs.  5 end  6)  as  It  is  the  basis  of  the 
International  Reference  Ionosphere  (IRI)  model  employed  in  the  next 
section.  This  model  is  a straight  forward  expansion  of  fits  to  the  earth's 
magnetic  field  in  terms  of  spherical  harmonics.  The  total  magnetic  field 
magnitude  at  400  km  according  to  this  model  is  presented  in  Figs'  2.  The 
surface  field,  is  seen  to  vary  from  a minimum  of  0.25  G near  the  ^uator  to 
0.5  G over  the  polar  caps.  The  existence  of  2 peeks  in  the  magnitude  Is 
reel  and  reflects  the  true  complexity  of  the  magnetic  field  in  the 
auroral/polar  cap  regions  (note:  if  vector  components  had  been  included  in 
this  figure,  It  would  have  been  obvious  that  the  maximum  at  270°  east 
longitude  i6  the  true  "dip"  magnetic  pole).  Geomagnetic  storm  variations 
ere  typically  less  that  .01  G so  that  even  during  a severe  geomagnetic 
storm,  magnetic  fluctuations  would  be  small  compered  to  the  average  field — 
a marked  contrast  with  the  atmospheric  and  ionospheric  environments!  Even 
so,  the  great  complexity  of  the  magnetic  field  over  the  poLee  makes  it 
difficult  to  use  magnetic  guidance  sy6tem6  in  these  regions — a fact  long 
known  to  navigators. 

Besides  magnetic  torques  (which  are  vary  system  dependent),  the 
earth's  magnetic  field  can  Induce  an  electric  field  in  e large  body  by  the 
vxB  effect: 


E = 0.1  (vxB)  V/m  = 0.3  V/m 


(2) 


where: 


v = spacecraft  velocty  = 

= 7.6  km/s 
B = 0.3  G 

Since  the  shuttle  16  roughly  15  m x 24  m x 33m,  potentials  of  IB  V could  be 
Induced  by  this  effect.  As  systems  grow  to  km  or  large  dimensions,  the 
Induced  fields  will  grow  accordingly. 

In  Figure  2,  the  Induced  electric  field  for  a vehicle  Of  ~90° 
Inclination  has  been  calculated.  As  would  be  anticipated,  the  largest 
electric  fields  are  seen  over  the  polar  caps.  The  ambient  environment  can 
also  produce  strong  electric  fields  in  the  euroral/poler  regions.  Although 
not  shown  hare,  these  fields  con  reach  values  of  nearly  100  mV/m  (see  ref. 
7) — a sizable  fraction  of  the  Induced  field.  These  fields  ere  also 
comparable  to  the  fields  necessary  to  deflect  charged  particles  In  thi6 


environment  ee  the  particles  have  ambient  energies  of  typically  0.1  eV  (ram 
energies  for  the  Ions  like  oxygen- can  roach  several  eV,  however}  and  thus 
must  he  takan-into  account  -when  studying  ionospheric  fluxes* 


IONOSPHERE 

Given  the  Importance  of  the  ionosphere  to  radio  and  radar  propagation. 
It- is- surprising  to  find  that  relatively  few  models  are  available- for  the 
ionosphere.  Leas  (surprising  is  the  fact  that  most  of  these  models  only 
predict  electron  densities — the  most  readily  meaeureable  quantity  by  ground 
means  end  the  most  important  to  radio  propagation.  The  principle 
ionospheric  model  available  based  on  observations  is  the  International 
Reference  Ionosphere  (ref.  6).  This  is  the  only  readily  available  computer 
model  that  gives  the  electron  and  ion  composition  and  temperature  as  a 
function  of  longitude,  latitude,  altitude  (65  to  1000  km),  solar  activity 
(by  means  of  the  Sunspot  number,  R),  and  time  (year  and  local).  Although 
the  model  is  obviously  limited  (it  is  confined  to  R values  of  100  or  less 
whereas  R values  of  200  or  greater  may  occur  during  Solar  maximum),  it 
nonetheless  is  the  "beet-"  available  comprehensive  model  Of  the  ionosphere. 

In  Figures  3 and  4,  for  the  northern  hemisphere,  are  presented  several 
examples  of  the  output  from  the  IRI  model.  Figure  3 presents  the  electron 
number  density  and. temperature  at  400  km  for  R=100  in  December.  Unlike  the 
neutral  temperature,  the  electron  temperature  increases  by  a factor  of  2 in 
going  from  the  equator  to  the  pole.  Like  the  neutraL  density,  however,  the 
peak  in  the  electron  density  again  is  shifted  by  about  2 hours  from  local 
noon. 


At  400  km,  the  ionosphere,  primarily  because  of  the  corresponding  high 
level  Of  neutral  oxygen,  is  dominated  by  oxygen  ions  (45%  near  local- 
midnight  and  below  30°  Latitude  to  97%  over  the  pole).  Values  for  oxygen 
ere  presented  in  Figure  4.  The  temperature  16  assumed  to  be  the  same  for 
all  ion  species  in  this  model  (i.e.,  for  0*,  H4 He,  Og4,  and  NO4)  and  can 
not  for  physical  reasons  ever  exceed  the  electron  temperature. 
Unfortunately,  at  400  km  for  B=100  or  larger,  the  IRI  model  will 
occasionally  predict  ion  temperatures  far  in  excess  of  the  electron 
temperature.-  This  reflects  the  fact  that  the  model  is  based  on  a.  limited 
set  of  date  (R<100)  and  needs  improvement.  Theoretical  models  exist  that 
avoid  thi6  problem  but  these  models  are  still  too  cumbersome  to  be  usable 
on  all  but  the  largest  computers. 

In  Figure  5,  using  a simple  1-dimensional , "thin  sheath"  ram  model  for 
ion  collection  (described  in  ref.  9),  potentials  for  the  case  of  no 
secondary  emission  and  ho  photoelectron  current  were  calculated  based  on 
Figures  3 and  4.  The  spacecraft  to  space  potential  varied  from  -0.2  V at 
the  equator  to  -0.7  V et  the  pole — in  rough  agreement  with  observations 
(ref.  9).  Thus,  based  on  the  IRI  model  environment  alone,  spacecraft 
charging  should  n-t  be  a concern  (note:  the  high  plasma  density  will, 
however,  encourage  plasma  interactions  with  exposed  high  potential  Surfaces 
as  discussed  elsewhere  in  this  book). 
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AURORAL  ENVIRONMENT 


Tbs  moct  dramatic  changes  in  the  earth's  environment  at  eh^ctie 
altitudes  ere  brought  about  by  geomagnetic  eubstorms.  These  changes  are 
reflected  In  visible  auroral  displays  and  in  Intense-particle  and  field 
variations  in  the  auroral  region  at  shuttle  altitudes.  In  this  section,  a 
simple  auroral  flux  model  based  on  data  provided  by  the  Air  Force — 
Geophysl cs- Laboratory  (courtesy  H..  Smidtiy  and  D.  Hardys  see  papers  by 
Smiddy  end  Hardy,  this  volume)  Is  presented  in  order  to  estimate  these 
effects.  The  data  were  provided. In  the  form  of  7 sets  of  color  contour 
pLots  of  the  electron  number  flux  and  energy  flux  in  intervals  of  Kp  from  0 
to  6.  The  plot6  were  crudely  approximated  by  a simple  analytic  function  in 
geomagnetic  local  time  and  latitude  and  the  geomagnetic  Kp  index. 
Although,  the  AFGL  data  were  for  about  800  km,  no  attempt  has  been  made  to 
correct  for  altitude  In  this  model. 

The  crude  model  developed  from  the  AFGL  data  was  used  ta  estimate  the 
auroraL/polar  cap  electron  temperature  and  number  densities.  These  results 
for  the  northern  winter  hemisphere  end  a Kp  of  6Q  are  shown  in  Figure  6. 
They  imply  that  there  is  a peak  in  the  density  of  the  auroral  electron  flux 
of  about  1000  cm*3  in  the  noon  sector  while  the  auroral  electron 
temperature  is  1 ksV  in  the  post-midnight  sector.  Although  the  validity  of 
thi6  crude  result  will  need  to  be  compared  with  the  ectuaL  AFGL  data  when 
they  become  available,  the  range  of  values  should  at  lesst  be  indicative  of 
the  characteristics  of  the  average  auroral  fluxes,  (comparisons  with  other 
date  sources  beer  this  out). 

The  results.  In-Figure  6 can  be. used  in  conjunct-ion  with  the  IRI  date 
at  400  km  to  estimate  the  expected  variations  in  spacecraft  potential  in — 
the  auroral  zone  and  over  the  polar  cap6  (note:  the  auroral  ion  fluxes 
should  not  contribute  significantly  to  the  ambient  ion  current  so  that 
their  exclusion  should  not  seriously  alter  the  results).  When  this 
calculation  was  carried  out,  there  was  little  or  no  change  from  the  results 
in  Figure  5.  This  is  not  surprising  as  it  is  generally  believed  that  the 
average  auroral  flux  levels  seldom  exceed  the  ambient  ion  and  electron 
ionospheric  fluxes. 

In  order  to  estimate  what  auroral  flux  levels  ere  in  fact  necessary  to 
bring  about  significant  increases  in  the  spacecraft  potential  in  the 
aurorel/polar  cap  regions,  the  electron  density  and  temperature  in  Figure  6 
were  increased  by  varying  factors.  Changes  of  a factor  of  10  in  either  the 
temperature  or  density  had  little  effect  on  the  potential.  A factor  of  10 
in  both  the  electron  density  and  temperature  did,  however,  bring  about  a 
significant  increase  in  the  potential — raising  it  from  a few  tenths  of  a 
volt  negative  to  several  thousands  of  voLts  in  the  early  afternoon  sector. 
These  results  are  Illustrated  in  Figure  7.  Such  a large  Increase  In  the 
auroral  flux  may  6eeni  unrealistic  but  a careful  review  of  auroral  data  does 
imply  that  occaeslonally  intense  fluxes  10  to  100  times  that  of  the  average 
flux  may  Indeed  occur  over  narrow  regions  in  the  auroral  zone  (see,  for 
example,  Surke,  this  conference). 
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In  carrying  out  the  potential  analysis,  It.  was  found- that  the  details 
of  the  assumed  charging  model  greatly  affected  the  results.  Specifically, 
If  a i-di mansions l,  thin  aheath  model  was  assumed,  the  auroral  potentials 
could  reach  -6000  V when  the  ton  return  current  was  equated  to  the  cold 
ambient  ion  current.  If  the  ion  return  current  was  assumed  to  be  the  ram- 
current,  as  was  done  here*  the  potential  was  about  -1200  V maximum  Uhls  is 
probably  the  more  "realistic"  assumption).  If  on  the  other  hand-the  ion 
return  current,  in  the  charging  model  was  assumed  to  be  for  the  tbiek 
sheath,  orbit- 11  mi  ted-  case  such  as  normally  assumed  at  geosynchronous 
orbit,  the  potsntiel  was  only  -1  to  -2  Vt  This  sensitivity  to  the  details 
of  the  amount  of  return  current  is  to  be  expected  given  the  simplicity  of 
the  charging  model  and  its  resolution  will  need  to  await  the  development  of 
more  accurate  charging  models  for  the  Conditions  at  Shuttle  elti tudes. 


CONCLUSIONS 

This  paper  has  brought  together  most  of  the  elements  needed  to  form  a 
complete,  model  of  the  ambient  Shuttle  environment  for  the  purpose  of 
studying  spacecraft  interactions.  Emphasis  has  been  on  modelling,  the 
interactions  in  the  auroral/polar  cap  regions  where  it  wS6  demonstrated 
that,  although  models  of  the  average  ambient  environment  (neutral 
particles,  fields,  Ionospheric  perticles,  and  auroral/polar  cap  fluxes)  are 
probably  satisfactory  for  many  interaction  study  purposes,  the  intense 
variations  in  the  auroral  zone  are  not  adequately  modelled.  These 
variations  are  known  from  in-si tu  observations  to  exist  end  to  result  in 
several  orders  of  magnitude  Increase  in  the  charged  particle  fluxes  and 
atmospheric  heating  which  can  similarly  alter  the  neutral  compoation.  It 
is  only  relatively  recently  that  long  term  statistical  studies  and-examples 
of  extreme  cases  lave  become  available.  It  is  to  be  anticipated  that,  in. 
the  near  future,  models  of  the  evironment  will  become  increasingly 
sophisticated  and  capable  of  being  used  in  modelling  effects  such  as 
spacecraft  charging  much  more  accurteLy  than  presented  here.  Even  so,  the 
results  presented  should  assist  current  interaction  studies  in  better 
assessing  average  levels  of  effects  in  the  auroral/polar  regions  and  in 
comparing  equatorial  end  auroral/polar  environments.  The  process  of 
presenting  the  models  has  al6o  clearly  Indicated  where  improvements  need-to 
be  made  In  the  existing  models.  Thl6  i6  particularly  true  in  the  case  of 
the  auroral  model  due  to  the  varying  sensitivity  of  the  principle 
interaction  to  changes  in  the  ambient  environment  (i.e.,  spacecraft 
potential  calculations). 

P.  McConnell,  M.  Harel,  and  J.  Slavin  of  JPL  assisted  in  the 
collection  and  development  of  many  of  the  models  listed  in  this  report. 
Any  information  on  listings  may.  he  obtained  through  them  or  the  author 
directly. 
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Figure  1.  - Polar  view  of  Northern  Hemisphere.  Polar  coordinates  are  employed 
such  that  radial  distance  is  in  intervals  of  equal  latitude  (0°  is  the 
equator)  while  angular  coordinate  is  east  longitude.  Neutral  atmosphere 
conditions  for  KR=60,  F10. 7=220,  day  357.5,  and  altitude  of  400  km  as 
computed  by  the  Jacchia  1972  model  are  shown. 
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(a)  Total  magnetic  field  at  400  km.  (b)  Absolute  value  ofcvxB  electric  field  induced 
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Figure  2.  - Polar  view  as  in  figure  1 for  POGO  magnetic  field  model. 
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Figure  3.  - Polar  view  of  electron  environment  as  in  figure  1 for  IRI  model. 
Conditions  are  the  same  as  in  figure  1 with  the  additional  constraint  that 
01 
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Figure  4.  - Polar  view  of  oxygen  ion  environment  as  in  figure  1 for  IRI  model. 
Conditions  are  the  same  as  in  figure  1 with  the  additional  constraint  that 
R=I0Q. 
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Figure  5.  - Polar  view  as  in  figure  1 of  spacecraft-to-space  potentials  pre- 
dicted for  IRI  model.  Potentials  were  computed  assuming  that  the  ion  current 
was  proportional  to  the  ion  ram  flux  (see  text)  and  that  there  were  no  sec- 
ondary or  photoelectron  currents. 
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(a)  Density  of  auroral  electron  flux  at  400  km. 


Figure  6.  - Polar  view  as  in  figure  1 of  auroral  flux  model  adapted  from  AFGL 
observations . Conditions  correspond  to  KD=60  and  for  day  357.5. 
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(b)  Temperature  of  the  auroral  electron  flux  at  400  km.  Units  are  °K. 

Figure  6.  - Concluded. 
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Figure  7.  - Polar  view  as  in  figure  1 of  spacecraft-to-space  potentials  pre- 
dicted for  combination  of  IRI  and  auroral  models.  Potentials  were  computed 
as  in  figure  5 except  that  the  auroral  density  and  temperature  from  figure  6 
have  both  been  multiplied  by  10. 
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ELECTRIC  FIELD  EFFECTS  ON  ION  CURRENTS  IN  SATELLITE  WAKES* 


0.  E.  Paries  and  I. -Katz 
S-CUBED 

La  Jolla,  California  92038 


Small  currents  associated  with  satellite  spin,  dielectric  conduction,  or ~~ 

trace  concentrations  of  H+,  can  have  a substantial  effect  on  the  potential 
of  a satellite  and  the  particle  currents  reaching  its  surface.  The  importance 
of  such  small  currents  at  altitudes  below  about  300  km  stems  from  the  ex- 
tremely small  0+  currents  impinging  on  the  wake-side  of  the  spacecraft- 

The  focus  of  the  present  study  is  the  particle  current  on  the  downstream 
side  of  the  AE-C  satellite.  Theoretical  estimates  based  on  a newly  described 
constant  of  the  motion  of  a particle  indicate  that  accounting  for  small 
concentrations  of  H+  remove  a major  discrepancy  between  calculated  and 
measured  currents. 


1.  INTRODUCTION 

Many  studies,  both  theoretical  and  experimental,  have  been  made  of  the 
interaction  between  a satellite  and  the  near  earth  plasma  (refs.  1-11).  The 
present  study  concerns  charged  particle  current  on  the  wake-side  surface  of  a 
spacecraft  in  the  earth*-s  ionosphere,  where  the  vehicle  is  mesothermal;  its 
speed  V0  exceeds  the  thermal  velocity  of  plasma-  ions  but  is  much  less  than 
tne  thermal  velocity  of  the  ambient  electrons. 

In  our  analysis  calculated  currents  are  compared  with  those  that  have 
been  observed  by  Samir  et  al.  (ref.  10)  on  the  Atmosphere  Explorer  C (AE-C). 
The  AE-C  experiments  are  weTT  suited  to  our  purpose,  since  its  rate  of  spin, 
as  well  as  the  plasma  densities,  constituents  and  temperatures  were  known. 
Moreover,  measurements  were  conducted  at  night,  thus  avoiding  complications 
associated  with  active  solar  arrays. 

Measured  satellite  voltages  were  in  the  range  V ~ 9-100,  where  the 
electron  temperature  0 is  in  electron  volts.  These  results  exceeded 
theoretical  estimates  based  on  balance  between  ion  and  electron  current  on  a 
conducting  surface  by  a factor  -2.0-2.5.  Theoretical  surface  potentials  were 
also  substantially  less  than  expected  from  ion-0+  current  balance  at  each 
point  of  a dielectric  surface.  In  a previous  work  it  was  shown  that  ac- 
counting for  either  rotating  currents  of  charge  embedded  in  the  dielectric  or 
small  concentrations  of  H+  suffice  to  bring  theory  and  experiment  into  con- 
formance (ref.  12).  The  calculated  voltages  reported  in  Reference  12  will  be 
used  in  the  calculations  of  current  given  in  Section  3. 

* This  work  supported  by  Air  Force  Geophysics  Laboratory,  Hanscom  Air  Force 
Base,  MA,  under  Cow-act.  No.  F19628-82-C-0081. 
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The  reported  charged  particle  densities  in  the  ambient  plasma 
encountered  by  AE-C  are  in  the  range  1G4-106  cnr,  with  equal  electron 
and  ion  temperatures  © ~ 0.1  e\L,  corresponding  to  ambient  Debye  lengths 
xq  < 3 cm.  The  ion-ic  components  of  the  plasma  are  the  singly  charged 
species  of  atomic  oxygen,  0+',  and  atomic  hydrogen  H+.  Our  primary  focus 
will  be  in  the  altitude  regime  below  about  300  km  where  0+  is  the  dominant 
ion  in  the  ambient  ionosphere  and  in  the  far  wake  trailing  the  satellite.  In 
the  highly  evacuated  wake  region  near  the  surf-ace  of  the  satellite,  however, 

H may  be  the  dominant-ion  (ref.  13). 

Particle  densities  and  currents,  especially  in  the  rarefied  wake 
downstream  of  the  satellite,  are  the  most  difficult  to  determine.  Indeed  the 
question  of  wake  structure  is  the  most  intensively  studied  aspect  of 
interactions  between  a spacecraft  and  the  ionosphere  (refs.  4-11).  In  the 
quiescent  environment  of  the  equatorial  ionosphere,  where  satellites  can 
develop  potentials  of  several  times  o,  ion  currents  to  the  satellite  surfaces 
facing  upstream  are  little  affected  by  electric  and  magnetic  fields  and  may  be 
calculated  in  the  neutral  approximation  (ref.  1),  as  if  particles  moved  in 
straight  lines  with  constant  speed.  The  manner  of  estimating  current  to 
surface  elements  on  the  wake-side  of  a high  Mach  number  vehicle  is  much  less 
clear.  One  might  suppose,  for  example,  that  electrical  forces  may  attract 
substantially  greater  currents  than  estimated  on  the  basis  of  straight  line 
orbits.  In  Section  2,  we  will  invoke  constants  of  the  motion  in  an  axt- 
symmetric  potential  field  to  determine  that  0+  number  and  current  densities 
at  the  wake-side  pole  of  a non-emitting  sphere  at  an  altitude  of  a few  hundred 
kilometers  are  several  orders  of  magnitude  above  neutral  approximation  den- 
sities. The  wake-side  0+  currents  remain  small,  however,  relative  to  H+ 
currents,  and  calculations  presented  below  show  that  electric  fields  suffice 
to  increase  the  H- currents  by  orders  of  magnitude  to  the  observed Jevel . 

Two  of  the  dynamical  constants  used  in  the  calculation  are  the  energy 
and  the  axial  component  of  angular  momentum;  the  third  is  a less  well  known 
constant  of  the  motion  which  applies  for  potentials  of  the  form  V0(r)  = 
f(e)/r2  where  o is  the  polar  angle  and  r the  distance  in  a spherical  co- 
ordinate system.  It  reduces  to  the  total  angular  momentum  in  the  limit  of 
spherically  symmetric  potentials. 

The  general  physical  assumptions  underlying  the  model  developed  in  the 
subsequent  sections  of  this  paper  ar'  that 

1.  The  plasma  is  collisionless  and  quiescent. 

2.  The  geomagnetic  field  has  a negligible  effect  on  particle  motion  in  the 
spacecraft  sheath. 

3.  In  the  plasma  rest  frame,  the  unperturbed  ions  have  Maxwellian  velocity 
distributions  with  finite,  equal  temperatures. 

4.  Ions  are  neutralized  on  impact  with  a surface. 

5.  The  spatial  dependence  of  its  electron  density  distribution  is  related 
to  the  space  potential  V,  through  the  Boltzmann  factor  exp(eV/0). 

Discussion  of  further  simplifying  approximations  of  a more  special 
character  occurs  at  the  point  in  the  text  where  they  are  introduced. 
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2.  ION  CURRENTS 


+ The  normal  component  of  ion  current  density  at  a surface  element  located. 
at  rs  on  the  body  is  given  by 


j - -e 


/ 


v.n<0 


v.n  f(rs,v)  dJv 


(1) 


where  n is  the  outward  normal  at  rs.  The  distribution  function  f(r,v)  at 
the  phase  space  point  r,  v,  satisfies,  in  general,  the  Vlasov-Poisson  system 
of  equations.  For  a perfectly  absorbing  body  f satisfies  the  boundary 
condition- f(rs,v)  * 0 for  v.rf  > 0. 

Calculations  of  current  to  a satellite  surface  often  use  the  assumption 
that  ion  currents  to  the  satellite  are  given  by  the  neutral  approximation, 
which  neglects  the  influence  of  electric  fields.  This  assumptiou  is  quite 
good  at  the  front  (upstream)  surface  where  ions  reaching  the  satellite  have - 
energies  (~5  eV  for  0+)  substantially  larger  than  electrical  potential 
energies.  The  situation  is  less  clear  on  the  wake-side  where  electric  fields 
may  substantially  enhance  particle  and  current  densities  over  the  neutral 
approximation  values.  In  the  following  paragraphs,  this  problem  is-  addressed 
by  formulating  bounds  on  j( r^s ) and  n( ) , and  applying  these  bounds  for  an 
assumed,  non-self-consistent  model  potential. 

The  normal  current  density  at  a point  r§  on  the  surface  where  the 
potential  is  V(rs)  can  be  written  (m-j  = e = 1) 


Here  v0  = (v«,  ft0)  is  the  velocity  of  a particle  at  l?s, 

n0  = - ^o  -Ws)  (1  > no  > 0).  and  ^ = (v,  «)  the  velocity  at  r = « on 

the  trajectory  that  connects  to  the  phase  space  point  (v0,  rs).  If 

|da0/di2|  < 1 


(2) 


(3) 


then 


k 

-r 


j < Jb  - 2/f0(v)  (?  V2  - v<rs))  V dv  d n , 

that  is,  jb  is  an  upper  bound  on  the  normal  ion  current  density  at  rs. 
Similarly  the  particle  density  satisfies 


" < nb  - Jf0<*> 


I V2  - V(rs) 


1/2  . 
v dv  d Ji 


(4) 


(5) 
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The  bounds  established  here  require  the  inequality  (3);  thaj  is,  in  terms  of 
inside-out  trajectories,  neighboring  orb-its  emanating  from  r0  with  a given 
energy  must  diverge  more  at  r « » than  at  their  point  of  origin.-  Although  the 
inequality  (3)  appears  to  be  a- reasonable  assumption- for  attractive  poten- 
tials, the  general  conditions  under  which  it  applies  have  not  been 
es  tab  14  shed-. 

For  the  following  considerations,  we  take  a spherical  satellite  in  the 
potential  V(r,e)  where  r and  e are  spherical  polar  coordinates  with  polar  axis 
in  the  direction  of  v0.  We  consider  model  potentials  of  the  form 

V = -r-2  f (©)  + V0(r)  (6) 

where  V0(r)  is  a spherically  symmetric  potential.  The  asymptotic,  far  wake 
potential  has  in  fact  this  form  with  (ref.  1) 

V0(r)  = 0 


f(e)  ~ a^  cos~^e  exp(-M^  tan^e)  (7) 

where  a is  the  radius  of  the  satellite.  For  the  discussion  below  the 
particular  form  of  f(e)  is  arbitrary,  however,  and  may  be  chosen  to  fit 
potentials  near  the  satellite. 


The  utility  of  the  potential  of  the  form  in  equation  (6)  is  that  a 
particle  moving  in  it  possesses  three  constants  of  motion.  In  addition  to 
energy  and  the  component  of  angular  momentum  about  the  polar  axis  the  quantity 


(8) 


where  L is  the  magnitude  of  the  angular  momentum  about  r = 0,  is  conserved 
along  a par^icl^  trajectory.  This  follows  readily  upon  taking  the  scalar 
product  of  L = r x \Twith  both  sides  of  the  torque  equation  (m-j  = e = 1) 


(9) 


taking  account  of  equation  (6)  for  V.  There  are  fewer  constants  of  motion 
than  for  V = V(r),  since  in  the  latter  case  the  direction  of  L as  well  as  its 
magnitude  is  constant.  The  dynamical  constant  C of  equation  (8)  is  a rigorous 
constant  for  potentials  of  the  form  (6),  and  should  not  be  confused  with  the 
invariants  used  by  Samir  and  Jew  (ref.  14)  and  criticized  by  Laframboise  and 
Whipple  (ref.  15). 

The  effective  potential  for  radial  motion  of  a particle  is  now  given  by 


eff 


(r) 


(10) 


ns 


With  this  Veff  we  can  solve  for.  the  orbits  and  evaluate  the  bounds  on  ion 
current  and  particle  densities  at  the  satellite  surface.  The  orbit  equations 
are  particularly  tractable  for  the  interesting  case  of  particles  which  reach 
the  poles-of  the  sphere,  especially  the  wake-side-  pole.  For  these  particles 
the  axial  component  of  angular  momentum  is  zero*  the  orbits  are  planar,  and 
the  solution  of  the  equations  of  motion  is  reducible  to  quadratures. 


From 


1 y2  = ? r2  + ^7 + Vr) " \ vo + Va>  — 


1 J 


fM 


(11) 


C^a2  v2  (1-  P2)  - f(eQ)  . \ r4  e2  - f(e) 


(12) 


we  obtain 
e 


dr 


a r[Er2  - C - r2VQ(r)] 


T/7 


(13) 


for  the  final  direction  e of  a particle  launched  from  r * a,  e = n in  the 
^irectiqn  p0  with  speed  v0.  Here  u0  is  the  cosine  of  the  angle  between. 
v0  and  r0. 

Consider  now  a positive  energy  particle  with  initial  coordinate 
Og  = ir.  For  attractive  potentials,  the  orbits  will  appear  as  indicated  in 
fvgure  1. 


0O=  77- 


Figure  1.  Schematic  diagram  of  inside-out  orbits  starting  on  the  sphere  r = a 
at  Oq  b it. 
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The  range  of  © integration  for  calculating  the  bounds  of  equations  (4)  and 
(5)  is  generated  by  variations  of  no  between  0 and-1.  Here  we  have 
assumed  that  the  particles- are  not  attracted -back  to  the  surface-  This  affect 
however  can  only  decrease  the  particle  flux  at.  the  point  of  interest,  and 

therefore  does  not  influence  the  nature  of-equations  (4)  and  (5)  as  upper 

bounds. 

To  proceed  further,  we  now  specialize  to  potentials  of  the  form 
V0(r)  * 0 


it 


(14) 


= 0 


0 <.  e 1 7 


which  approximates  the  surface  potentials  given  by  Parks  and  Katz  (ref.  12). 
The  final  angle  at  r = <»  on  the  inside-out  trajectory  corresponding  to 
n0  * 0 is  given  by 


. - . I * 1,2  + 

¥■ 

If 

+ 2 

1/2 

e£  “ ^-|VT5T  £ 

1 + 

V(«) 

1/2 

(15) 

and  the  limiting  angle  for  the  outside-in  orbit  is 


a = it-  e. 


(16) 


When  the  velocity  distribution  remote  from  the  spacecraft  is  Maxwellian,  jb 
and  nb  are  given  by 


iv(,)|) 9<v) 


Vn  + V? 
0 

T 


dv 


(17) 


nb  = “r7?l e ?Vt  (-1  v2  + |v(n) I ) g(v)dv 


(18) 


where 


(W> 


g(v)  .•  exp[vVQ  cose.(v)/j^l  * exp [~vV&/v|] 

3.  RESULTS 

Numerical  Integration- for  the  case  M = V0/vx  ...8,  J V (w ) J = 15  yf 
gives  for  0*  ions 


Jb  1.65.x  10'10 


VVT. 


~ = 2.64  x 10"A1 
Mo 

The  last  ratio  is  to  be  compared  with  the  density  ratio 


= 6.22  x 10"16 


for  the  case  of  zero  electric  field.  Thus,  although  the  effect  of  electric 
field  may  be  to  yield  densities  several  orders  of  magnitude  larger  than  those 
obtained  in  the  neutral  approximation,  they  remain  extremely  small  in 
comparison  with  ambient  ion  densities,  amounting  to  about  1 nr3  for 
Np  ~ lO13’  m~3.  By  way  of  further  contrast,  the  ion  density  ratio  is 
also  small  compared  with  the  electron  density  ratio 


r = e-15  = 3.06  x 10-7  . 


Let  us  now  calculate  the  effect  of  electric  fields  on  the  density  of 
hydrogen  ion  current  striking  the  wake  side  of  the  satellite  at  o = n.  The 
result  of  this  calculation  is  intended  to  throw  some  light  upon  the  issue 
raised  by  Samir  and  Fontheim  (ref.  16)  in  their  comparison  between  measured 
current  ratios  1(4)71(90*)  and  those  calculated  from  Parker's  model  (refs. 
17,18).  Parker's  model  is  based  on  solutions  of  the  Poisson  equation  in  which 
ion  densities  are  determined  by  particle  tracking  techniques.  Only  one 
species  of  ion  is  treated,  however,  and  its  mass  is  the  mean  mass  of  ions  in 
the  plasma.  Samir  and  Fontheim  contend  that  the  two-to-three-order  of 
magnitude  discrepancy  between  measured  and  calculated  current  ratios  might  be 
removed  (1)  by  properly  treating  the  separate  ionic  components  of  the  plasma, 
or  (2)  by  considering  the  non-steady  nature  of  the  plasma  environment.  The 
results  of  our  calculations,  summarized  in  Table  1 below,  indicate  that  proper 
treatment  of  the  hydrogen  component  of  the  plasma  suffices  to  remove  the 
discrepancy  between  theory  and  experiment. 

Several  observations  are  in  order.  First,  Table  1 shows  that  both  the 
measured  ratio  r and  the  estimated  upper  bound  on  the  ratio  exceed  the  ratio 
estimated  from  the  neutral  approximation,  which  one  may  reasonably  expect  to 
be  a lower  bound  on  r.  Second,  the  measurement  at  160  should  give  a somewhat 
greater  ratio  than  would  be  observed  at  BO*;  the  neutral  approximation 


Table  1.  Comparison  of  Measured  and  Calculated  Current  Ratios^8) 


Case<b,c* 

♦ ♦ (<») 
N(H  )/N(0  ) 

2- 

1.2ST-3) 

tJ(180)/J(J(90)]<«j[ 

fl.8(~6) 

jb(l80)/j(90)(f> 

1.5(-2) 

[J(160)/j(90)]<fJTi 

1.49(-2) 

3 

5 

6 

1.0?(-3) 

1.40(-3) 

4(~2) 

7 ,4(-6) 

2.8(-6) 

2.8(-4) 

i.3(-2) 

i .H-t) 

0.48 

2(-2) 

5.8(-3) 

4<~2) 

(a)  Numbers  in  parentheses  give  power  of  10  by  whidt  adjacent  entries  are 
multiplied. 

(b)  Case  Identification  is  the  same  as  that  in  Table  2 of  Reference  15. 

(c) .  Case  1 is  not  considered  because  no  value  for  hydrogen  density  was 

reported  in  fief.  10.  Case  4 is  not  considered  because  of  the  order  of 
the  magnitude  difference  between  ion  densities  reported  in  Tables  2 and 
3 of  Reference  10. 

(d)  Hydrogen  ion  to  Oxygen  ion  ratios  are  taken  from  the  Bims  measurements 
given  in  Table  3 of  Reference  10. 

(e)  The  ratio  of  H+  and  0*  currents  at  180*  and  90*,  respectively, 
calculated  in  the  neutr-al  approximation. 

(f)  The  ratio  of  M+  and  0+  currents  at  ICO*  and  90*,  respectively,  where 
jb  is  the  bound  on  H*  current  calculated  from  equation  (17)  using  a 
V0/VT(H)  - 2.83. 

(g)  The  ratio-of  measured  currents  at  160*  and  90*. 


determines  that  the  former  would  be  only  about  20  percent  greater  than  the 
latter.  Third,  the  measured  current  is  well  below  the  estimated  upper  bound 
in  cases  5 and  6,  slightly  below  it  in  case  2,.  and  slightly  above  it  in  case  3. 

That  the  measurements  yield  a value  slightly  in  excess  of  the  estimated 
upper  bound  could  be  attributed  to  the  approximate  nature  of  the  potential 
used  in  the  calculations,  to  the  fact  that  the  current  probe  was  at  a distance 
of  about  0.5  R0  from  the  surface,  to  uncertainties  in  the  in  situ  H+ 
density,  or  possibly  to  other  factors.  We  believe  nevertheless  that  the 
results  in  Table  1 are  a strong  indication  that  accounting  for  H+,  while 
ignoring  the  non-steady  character  of  the  plasma,  suffices  to  remove  the  major 
discrepancies  between  measured  and  calculated  currents  incident  on  the  wake 
side  of  the  AE-C  satellite. 


4.  SUMMARY 

To  determine  the  effect  of  electric  fields  on  the  wake-side  ion 
currents,  we  have  developed  an  expression  for  the  upper  bound  on  the  current 
density  normal  to  an  element  of  surface.  To  be  a rigorous  upper  bound  it- is 
required  that  the  Jacobian  jdfy/dS2|be  ^ess  than  unity.  Utilizing  the 
bounding  expressions  it  is  shown  for  a non-self-consistent  model  potertial 
that  the  particle  and  current  densities  of  0+  ions  at  e = it,  though 
substantially  enhanced  by  electric  fields  over  neutral  approximation  values, 
still  constitute  an  effect  that  is  small  in  comparison  with  the  effect  of  spin 
for  the  case  of  AE-C.  Finally,  accounting  for  the  effects  of  electric  fields 
on  the  small  concentrations  of  H*  in  the  ambient  plasma  appear  sufficient  to 
remove  the  major  discrepancies  between  measured  and  calculated  currents  on  the 
wake  side  of  the  satellite. 

The  effect  of  a magnetic  field  in  the  absence  of  electric  fields  can 
only  be  to  reduce  ion  currents  incident  on  a surface,  and  therefore  cannot 
account  for  the  vehicle  ground  potentials  observed  on  AE-C  (ref.  12).  The 


combined  effect  of  electron  and  magnetic  fields  is  not  considered  in  this 

paper*. 


Fon-dtfferent  ionospheric  satellites  in  different  env-ironments,  for- 
example,  in  polar  environments,  the  relative  importance  of  the  various 
physical  effects  may  differ  from  that  found,  for  AE-C  in  the  conditions  we 
investigated.  Thus  for  satellites  subjected  to  fluxes  of  energetic  auroral 
electrons.,  field  enhancement  of  wake-side  collection  could.be  a substantial 
effect. 
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The  charged  particle  environment  in  polar  orbit  can  be  of  sufficient  in- 
tensity to  cause  spacecraft  charging.  In  order  to  gain  a quantatative  under- 
standing of  such  effects,  the  Air  Force  is  developing  POLAR,  a computer  code 
which  simulates  in  three  dimensions  the  electrical  interaction  of  large  space 
vehicles  with  the  polar  ionospheric  plasma.-  It  models  the  physical  processes 
of  wake  generation,  ambient  ion  collection,  precipitating  auroral  electron 
fluxes,  and  Surface  interactions,  including  secondary  electron  generation  and 
backscattering,  which  lead  to  vehicle  charging.  These  processes  may  be  fol- 
lowed dynamically  on  a Subsecond  timescale  so  that  the  rapid  passage  through 
intense  auroral  arcs  can  be  simulated.  POLAR  models  the  ambient  plasma  as  iso- 
tropic Maxwellian  electrons  and  ions  (0+,  H+),  and  allows  for  simultaneous 
precipitation  of  power-law,  energetic  Maxwellian,  and  accelerated  Gaussian  dis- 
tributions of  electrons.  Magnetic  field  effects  will  be-modeled  in  POLAR  but 
are  currently  ignored. 

The  theoretical  models  and  approximations  employed  in  POLAR  are  dis- 
cussed, including  an  effective  process  for  stabilizing  the  Poisson-Vlasov  it- 
eration process  in  the  short  Debye  length  extreme.  A preliminary  POLAR  cal- 
culation is  presented  which  predicts  the  effects  of  measured  auroral  fluxes  on 
the  shuttle  orbiter,  and  demonstrates  the  combination  of  conditions  required 
for  substantial  differential  charging  of  the  orbiter. 

INTRODUCTION 

The  charging  of  the  space  shuttle  orbiter  in  the  polar  (auroral)  iono- 
sphere has  been  investigated  by  Katz  and  Parks  (ref.  1).  In  that  paper,  the 
authors  argue  that  observed  precipitating  electron  fluxes  can  exceed  the  ram 
ion  flux  (~120  pA/rrr  for  n = 105  cm-3,  V = 8 km/ sec).  This  implies  a 

possible  overall  current  balance  at  a negative  potential  to  enhance  ion  col- 

lection and  retard  electron  fluxes.  Both  theoretical  and  experimental  (refs. 

2,  3,  4)  studies  have  shown  that  as  object  dimensions  become  large  with  re- 
spect to  the  local  Debye  length,  space  charge  effects  will  severely  reduce  the 

ion  current  collection  compared  to  orbit  limited  theory.  This  leads  to  a 
"size-effect"  for  the  potential  buildup  on  objects  subjected  to  auroral  elec- 
tron fluxes.  Katz  and  Parks  (ref.  1)  have  calculated,  for  a conducting 
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sphere,  the  equilibrium  potential  as  a function  of  K,  the  ratio  of  secondary 
electron  corrected  precipitating  electron  flux  to  the  secondary  corrected  ram 
ion  flux.  For  a beam  energy  of  5 KeV  and  K * 3,  a sphere  radius  to  Debye 
length  ratio  of  10  leads  to  a potential  of  -100  volts,  whereas  a si2e  ratio  of 
100  leads  to  a- potential  of  -1300  volts. 

The  space  shuttle  is  many  times  larger  than  any  vehicle  that  has  been 
previously  flown  through  auroral  regions.  Consequently,  the  predicted  size- 
effect  on  vehicle  charging  Suggests  that  past  experience  will  not  be  adequate 
for-  predicting  and  understanding  the  interactions  of  large  objects  with  the 
auroral  ionosphere. 

An  understanding  of  the  charging  dynamics  of  a real  spacecraft  requires 
more  than  a good  probe  theory.  Differential  charging  depends  on  the  often  com- 
plex interplay  of  differing  materials  and  their  spatial  relationships.  The 
sunlight  charging  of  ATS-6  (ref.  5)  provides  an  example  of  how  a charging  sur- 
face can  create  electrostatic  barriers  that  will  bootstrap  the  entire  vehicle 
to  a highly  charged  state. 

Thus,  for  a little  more  than  a year,  S-CUBED  has  been  developing  the  com- 
puter code,  POLAR,  with  the  following  design  criteria: 

• Three-dimensional 

• Quasistatic 

• Flexible  plasma  parameters  including  flow 

• Magnetic  field  effects 

• Complex  geometries,  electrical  model 

t Material  effects 

• Wake  model 

• Self-consistent  inclusion  of  space  charge  effects 

t Small  (core  storage) 

• Fast 

The  preliminary  version  of  POLAR  is  nearly  complete.  This  paper  will  outline 
physical  models  and  computational  techniques,  review  the  current  program 
status,  and  present  preliminary  calculations  of  auroral  charging. 

POLAR 

Why  a three-dimensional  code?  Results  from  a 3-D  code  can  be  compared 
directly  to  satellite  data  during  validation  without  the  interpretational  un- 
certainties that  spring  from  reduced  dimensional  models.  This  benefit  will 
ultimately  carry  over  as  POLAR  becomes  a design  tool  for  structures  with 
limited  symmetry.  Also,  arbitrary  arrangements  of  vehicle  velocity,  magnetic 
field,  sun  angle,  and  vehicle  orientation,  can  only  be  properly  modeled  in 
three-dimensions.  It  can  be  argued  that  solving  problems  in  3-D  within  rea- 
sonable machine  limits  can  compromise  the  accuracy  of  the  physics,  and/or  re- 
sult in  an  impractical  program.  With  this  in  mind,  the  POLAR  design  philoso- 
phy dictates  the  limited  use  of  particle  tracking  methods  in  favor  of  coordi- 
nated approximations  and  analytic  models. 

POLAR  is  a quasistatic  code.  That  is,  it  employs  implicit  timestepping 
to  follow  surface  charging  wh  re  timescales,  t,  are  determined  by  incident  cur- 
rents and  vehicle  capacitances  (10“'*  sec  < t < 10^  sec),  but  assumes  that 
the  plasma  environment  is  always  in  steady  state.  In  the  future,  we  may  find 


206 


it  necessary  to  include  wave  effects  and  turbulent  phenomena  by  the  use  of 
time  averaged  models,  diffusion  rates,  heating,  etc. 

the  lower  auroral  ionospheric  environment  is  summarized  in  Table  1.  The 
values  given  in  the  table  are  considered,  typical,  but  none  are  fixed  in  POLAR 
where  these  and  other  parameters  (such  as  the  oxygen  to  hydrogen  ion  ratio) 
are  variable  over  wide  ranges.  The  energetic  electron  spectrum  is  currently 
modeled  as  a sum  of  power  law,  hot  Maxwellian,,  and  Gaussian  distr ibutions_ 

POLAR  presently  ignores  the  magnetic  field;  however,  its  inclusion  is  a 
current  effort.  Some  of  the  methods  under  study  for  including  magnetic  ef- 
fects are: 

•f  ”► 

Place  vxJJ  potential  gradient  on  the  vehicle. 

Include  B in  ion  trajectories  interior  to  sheaths. 

Pitch  angle  conics  for  the  energetic  electrons  (presently,  isotropy  is 
assumed).  + 

Modification  of  secondary  and  photoelectron  emission  where  B parallels  a 
surface. 

Modification  of  secondary  an^.  photoelectron  surface  conductivities  in 
directions  perpendicular  to  B. 

We  now  outline  the  methods  used  in  POLAR  to  perform  charging  calcula- 
tions. A calculation  is  broken  in  to  the  major  steps  listed  below: 

Vehicle  definition. 

Environment  specification  and  computational  grid  construction. 

Presheath  and  wake  ion  density  calculation. 

Initial  surface  charging  using  flux  estimates. 

* Poisson  and  electron  charge  density  calculation. 

* Sheath  determination  and  particle  (ions)  tracking  to  determine: 

sheath  ion  densities 
ion  surface  currents 

* Surface  charging. 

After  all  of  the  above  modules  have  been  executed  once,  the  * items  are 
iterated  upon  to  produce  a final  solution.  At  this  Stage  in  the  development 
of  POLAR,  only  negative  surface  potentials  are  allowed.  Although  slightly 
positive  potentials  could  occur  under  natural  charging  conditions  due  to  sec- 
ondary or  photoelectron  emission,  the  ambient  electrons  should  limit  positive 
potentials  to  a few  kT  at  most.  With  this  constraint,  electrons  are  consid- 
ered to  be  repelled  with  densities  given  by  the  Boltzmann  expression,  ne  = 
n0  exp(-qV/kT).  The  methods  used  to  calculate  the  attracted  ion  densities 
are  described  later  in  this  paper. 

Positive  potentials  may  also  be  achieved  by  the  emission  of  electrons 
(ref.  6).  The  physics  of  electron  collection  in  the  lower  ionosphere  appears 
more  complex  than  the  collection  of  ions  due  to  turbulent  processes  in  both 
the  emitted  beams  and  in  the  ambient  plasma  (refs.  7,  8).  Thus,  spacecraft 
generated  high  positive  potentials  are  not  now  considered  in  POLAR  but  will  be 
addressed  in  future  work. 
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OBJECT  DEFINITION 


POLAR  objects  are  built  from  the  same  set  of  blocks  used  in  NASCAP  (ref. 
9)  with,  the  addition  of  slanted  thin  plates,  and  the  exclusion,  of  booms.  These 
blocks  are  illustrated  in  figure  l-  These  blocks  can  be  easily  combined  to 
construct  complex  objects  as  illustrated  by  our  model  of  the  shuttle  orbiter, 
shown  in-figure  2..  Objects  are- defined  on  a variably  sized  object  grid 
of  cubic  volume  elements..  Since  POLAR  must  model  objects  moving  at  h4gh  ion 
Mach  numbers,  the  extended  ion  wake  is  included  in  the  computation  by  embed- 
ding the  object  space  in  a sliced,  staggered  computational  grid.  Figure  3 il- 
lustrates the  arrangement  of  object,  object  grid,  Mach  vector,  and  computa- 
tional grid..  All  data  arrays  are  sliced  into  individual  NX*NY  pages  at  every 
Z mesh  point,  and  stored  on  disk.  During  computation,  POLAR  will'page  into 
core  only  the  required  set  of  slices.  Using  the  potential  array  as  an  exam- 
ple, the  Poisson  solver  will  need  only  two  slices  at  a time;  the  sheath  loca- 
tion algorithm,  four  slices;  and  the  trajectory  tracker,  two  slices. 

Since  the  data  structure  is  sliced  along  the  Z axis,  the  Mach  vector  is 
constrained  to  have  a dominant  Z component.  When  other  arrangements  of  Mach 
vector  and  object  orientation  are  to  be  modeled,  POLAR  can  rotate  the  object 
and  Mach  vector  to  meet  this  constraint,  thus  avoiding  a redefinition  of  the 
object. 


PRESHEATH  AND  WAKE  ION  DENSITIES 


POLAR  utilizes  a sharp  edged  sheath  approximation  to  divide  space  into 
presheath  and-  sheath  regions.  The  sheath  region  contains  all  of  the  signifi- 
cant space  charge,  while  the  presheath  is  a quasineutral  region.  The  wake 
region  is  divided  by  the  sheath  edge,  with  the  extended  wake  assumed  to  be 
essentially  quasineutral  and  included  with  the  presheath.  The  sheath  edge  is 
considered  to  be  an  absorption  surface  from-which  no  aitracted-particles 
escape. 

In  the  presheath-wake  region,  and  initially  for  all  space,  the  ion  den- 
sities are  determined  by  a "neutral  ion  approximation".  This  refers  to  the 
assumption  of  straight  line  trajectories  as  if  following  neutral  particles. 
This  means  that  the  ion  density  in  this  region  is  calculated  taking  fully  into 
account  ion  thermal  velocities  but  ignoring  bending  of  trajectories  by  elec- 
tric or  magnetic  fields.  This  can  be  expressed  by  the  following  equation: 

v)  = g(x,  ft)  fi0(v) 


where  fj(x,  v)  is  the  ion  distribution  function  at  a point  x in  space  for  a 
velocity  v and  fjg(v)  is  the  unperturbed  velocity  distribution  function  for 
a drifting  Maxwellian  (the^a^sutned  condition  at  an  infinite  distance  from  the 
vehicle).  The  function  g(x,ft)  has  value  zero  if  a ray  starting  from  1c  going 
in  the  direction  ft  would  strike  the  vehicle,  it  has  value  1 otherwise.  This 
function  takes  into  account  particles  which  cannot  contribute  to  the  local 
charge  density  because  they  run  into  the  vehicle.  The  ion  density  is  obtained 
by  integration  over  velocities: 


» r » » t * » 
ni<x)  * J f(x,v)dv  = / g(x,ft) 

*ft 


/ fi0(v)v2dv 


0 


dft 
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This  "neutral  ion"  approximation  to  the  density  is  particularly  simple 
to  calculate  for  two  reasons.  First,  the  straight  line  orbits  allow  trajec- 
tories to  be  "traced"  instantly,,  and  second,  the  orbits,  and  thus  shadowing 
factors,  are  independent  of  particle  kinetic  energy.  For  every  paint  in  space 
the  bas-ic  algorithm  finds  the  perimeter  of  each  object  surface  in  solid  angle 
space  and  eliminates  all  orbits  within  the  perimeter  from  contributing  to  the 
local  phase  space  density.  While  using  only  discrete  directions  this  tech- 
nique has  been  proven  fast  and.reasonab.ly  accurate.  The  major  numerical  ap- 
proximations are  the  discretization  of  the  angles  and  the  interpolation  in. 
solid  angle  space  of  the  surface  perimeters.  Typically  the  solid  angle  space 
is  gridded  36  x 180  and  a few  extra  points  are  added  along  each,  surface  edge 
in  order  to  minimize  interpolation  errors.  Since  the  potential  varies  loga- 
rithmically with  density  in  the  quasineutral  region,  a factor  of  2 error  in 
this  density  will  lead  to  less  than  kT/e  error  in  the  local  potential;  thus 
the  approximation  is  not  expected  to  be  a source  of  any  large  error.  Figure  4 
is  a contour  plot  of  the  neutral  ion  densities  calculated-  for  the  shuttle 
orbiter  with  Mach  velocity,  M = 8 in  an  oxygen  plasma.  Figure  5 shows  the 
same  calculation  for  our  favorite  test  object,  the  quasisphere. 

A new  “experimental"  feature  for  POLAR  is  an  algorithm  that  provides  a 
"first  order"  correction  for  the  focusing  of  ion  trajectories  by  the  weak  pre- 
sheath electric  fields.  This  correction  is  based  on  a study  by  Gurevich  and 
Pitaevskii  (ref.  10)  of  the  flow  of  a hypersonic  plasma  over  a semi-infinite 
wall  where  they  include  electric  fields  in  calculating  the  ion  densities  in. 
the  rarefied  region  (wake)  behind  the  wall.  Neutral  gas  densities  may  also  be 
obtained  analytically  for  this  same  problem.  The  ratio  of  the  plasma  to  neu- 
tral densities,  from  the  wall  prohlem,  is  used  as  a correction  factor  to  the 
neutral  ion  approximation  densities  calculated  by  POLAR. 

In  figure  6,  we  present  a comparison  of  the  corrected  neutral  ion  den- 
sity, calculated  by  POLAR,  with  electron  density  measurements  by  Murphy 
et  al.  (ref.  11).  These  measurements  were  made  on  STS-3  by  the  POP  Langmuir 
probe.  For  STS-3,  the  estimated  range  of  Mach  numbers  was  5-8,  and  the  esti- 
mated uncertainty  in  the  absolute  scale  of  electron  densities  was  2-5.  POLAR 
densities  were  calculated  at  Macti  numbers  of  6 and  7 using  the  shuttle  model 
presented  in  this  paper..  A comparison  between  electron  and  ion  densities  is 
strictly  valid  only  when  the  plasma  is  quasineutral  and  the  actual  degree  to 
which  the  wake  plasma  is  quasineutral  cannot  be  determined  without  a complete 
analysis;  however,  the  deviations  from  quasineutrality  are  probably  within  the 
experimental  error  and  numerical  uncertainties.  The  emphasis  of  this  compari- 
son is  placed  upon  the  horizontal  agreement  which  demonstrates  POLAR's  ability 
to  model  the  wake  edge  using  actual  orientation  data. 

As  a calculation  proceeds,  POLAR  locates  (by  inspection  of  potentials) 
those  regions  where  quasi  neutrality  does  not  hold,  defines  the  sheath  to  in- 
clude such  regions,  and  recalculates  the  ion  density  there  by  tracking  parti- 
cles inwards  from  the  sheath.  Once  these  sheath  ion  densities  are  available, 
they  replace  the  neutral-ion  densities  in  the  Poisson  calculation.  This  re- 
placement process  is  currently  being  implemented  in  POLAR;  the  calculations 
presented  here  used  only  the  neutral  ion  densities. 
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SURFACE  CHARGING 


The  POLAR  surface- cells  are  the  exposed  squares,  rectangles,  and  tri- 
angles that  border  the  filled  space  of  each  individual  volume  element  contain- 
ing a piece  of  the  object  (sub  units  of  the  building  blocks  used  in  object 
definition).. 

P-OLAR  models  the  accumulation  and  transport- of  charge  on  the  vehicle 
using  a lumped  element  circuit  analogy.  In  this  equivalent  circuit,  each  sur- 
face cell  ana  conductor  represents  a node  of  the  circuit.  Surface  voltages 
are  updated  by  implicitly  timestepping  a differenced  approximation  to  the 
equation 


I = V(t)  - o V(t)  , 


where  I and  V are  current  and  voltage  vectors  with  each  surface  and  conductor 
contributing~a  component,  C is  the  capacitance  matrix,  and  a the  conductance. 
The  current  vector  is  composed  as 


I = I.  + I,c  + I . + I + I . + I . 

1 is  ae  aes  aeb  ph 


where  we  have  the  current  due  to  ions,  ion  impact  secondary  elec+rons,  auroral 
elections,  auroral  electron  secondary  and  backscatter  electrons,  and  photo- 
electrons  i The  auroral  electron  currents  and  their  secondary  and  backscatter 
electron  currents  are  determined  each  times tep  by  assuming  them  to  be  depen- 
dent only  on  the  individual  surface  voltage,  then  integrating  the  model  dis- 
tributions with  and  without  secondary  and  backscatter  yield  functions.  The 
ion  and  ion  secondary  currents  are  updated  only  when  the  sheath  module  is 
cal-led.  Note  that  the  ambient  electrons  are  absent  from  this  last  equation. 
Because  of  their  low  temperature,  they  will  not  contribute  significant  current 
to  any  surface  more  negative  than  a few  kT/e.  When  a surface  charges  posi- 
tive, it  is  assumed  to  be  because  of  their  omission  and  the  surface  is  held 
near  zero  until  it  again  shows  negative  charging  behavior.  This  technique 
prevents  the  oscillations  that  could  occur  with  a combination  of  large  time- 
step  and  an  extremely  voltage  sensitive  current  source. 

As  mentioned  previously,  POLAR  models  the  flux,<i>,  of  the  energetic 
auroral  electrons  as  a combination  of  power  law,  hot  Maxwellian  and  Gaussian 
distributions  (ref.  12)  given  by  the  following  expression: 

4»(K)  . AK(K  + qV)~(a+1*  + F iT^kT)"2  K exp(-(K+qV)/kT) 

+ BK  exp(-(K-K0)2/«2) 

where  K is  kinetic  energy,  V is  the  surface  potential,  F = n •/kT7'2«m,  and  A, 
o,  T,  B,  E0  and  « are  the  parameters  used  to  fit  spectra.  This  expression 
has  been  fitted  to  a spectrum  observed  by  the  DMSP-F2  satellite  (ref.  13), 
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which  is  shown  in  figure  7,  along  with  the  POLAR  fit.  This  analytic  form  can 
be  quickly  integrated  to  find  the  contributed  surface  current. 

At  the  start  of  a new- calculation,  before  any  sheath  calculations  have 
been  performed,  a vehicle  may  be  started  at  a-  uniform  voltage,,  or  precharged 
by  using  the  thermal  and  ram  ion  currents  to  surfaces  at  zero  voltage  tor  the 
ion  currents.  For  this  precharging,,  the  auroral  electron  currents  are  cal- 
culated and  the  charging  equations  solved  as-  described  to  produce  an  initial 
estimate  for  the  surface  potentials, 

THE  CHARGE-STAB IL 1ZED  POISSON  ITERATION 

The  Poisson- equation  can  be  written  as 

-ti>  = x'2(n.  - ne)  (lj 

where  6 = eV/kT,  A2  = e0kT/Noe2,  N0  is  the  ambient  density,  and 
ni  **  Ni/No>  De  = Ne/N0.  POLAR  solves  this  equation  on  its  dis- 
crete mesh  using  a finite  element  method  (refs.  14,  15).  It  is  not  practical 
to  develop  it  here,  but  we  will  present  a few  of  its  pertinent  features. 

POLAR's  finite  element  formulation  assumes  a trilinear  interpolation 
function  for  the  potential  in  spaces  so  that  the  influence  of  each  node  goes 
to  zero  in  one  mesh  unit.  This  allows  for  the  development  of  a matrix  to  ap- 
proximate — for  each  element—  The  finite  difference  approximation  to  the 
equation  (1)  would  be 

(S  _6)  * = x~2  " Hi) 

where  h^  is  the  volume  of  element  e.  However,  rather  than  summing  the  indi- 
vidual matrices  into  one  large  matrix,  matrix  solvers  can  be  taught  to  work 
just  as  efficiently  on  the  individual  element  matrices.  This  produces  many 
advantages.  One  such  advantage  is  core  storage.  For  a problem  with  20,000 
grid  points,  the  complete  matrix  would  require  4 x 10°  words  of  storage  if 
no  compression  methods  were  used,  whereas,  there  are  only  a limited  number  of 
element  types  (six  so  far)  requiring  less  than  1000  words  of  storage  for  their 
matrices.  Another  advantage  is  that  this  method  very  naturally  allows  us  to 
solve  for  potentials  with  only  one  slice  of  elements  (lwcL_slices  of  nodes)  in 
core. 


The  traditional  approach  to  the  solution  of  equation  (2)  has  been  an 
explicit  iteration  of  the  form 

-vV  . - ne(iv-1)]  (3) 

where  v is  the  iteration  index,  and  the  charge  density  is  determined  using  the 
potentials  of  the  previous  iteration.  This  method  can  be  shown  to  be  unstable 


{ref.  16)  when  the  Debye  length,  x,  becomes  small  with  respect  to  other  scale 
lengths  of  the  problem.  This  can  be  understood  by  considering  that  a smooth 
potential  variation  over  a distance  of,  Say,  1000  x,  would-requtre  a smooth 
V- 6 (the  ^second  derivative  u)  which  is  in  turn  given  everywhere  by  the 
charge  density.  But,  maintaining  a smooth  charge  density  distribution  is 
difficult  when_any  errors  in  determining  (ne  - n^)  are  multiplied  by  the 
huge  number  x~^.  There  is  one  effective  remedy  to  this  dilemma  (ref.  16) 
but  the  process  reported  here  appears  to  be  more  efficient  irv  the  short  Debye 
length  limit..  This  method  involves  the  combination  of  two  concepts.  One  uses 
a partial  implicitization  of  the  repelled  density  (ne>  here)  (ref.  17).  The 
other  simply  reduces  the  charge  density  to  an  acceptable  level  whenever  the 
first  method  is  inadequate. 

Suppose  a plasma  o£  ambient  density  N0  and  temperature  T consists  of 
Boltzmann  electrons,  Ne(r)  = N0  exp(d(?))  and  ions  of  known  density 
Mi ( r ) = N0  n^(r).  The  normalized  charge  density  is  then  given  by 


q(r,0v(r))  = x“2  [n^r)  - exp  (6v(r))]  (4) 


Equation  (4).  may  be  linearized  about  the  previous  potential  iterate 

q(tfv)  « q^-1)  + q'(0v~1)  * (tfv  - tfv_1) 

where  q'  = aq/ad,  and  the  r dependence  has  been  dropped  for  clarity.  With 
this  expression  we  may  write  the  implicit  Poisson  iteration  scheme 

-vV  - q^-1)  * *v  = q(^v_1)  - q^'1)  * tfv_1  (5) 

Though  it  is  not  immediately  obvious,  the  implicit  character  of  (5) 
makes  it  more  stable  than  scheme  (3).  This  can  be  understood  by  realizing 
that  in  equation  (3)  the  electron  density  was  treated  as  an  independent  vari- 
able, whereas  in  (5)  the  electron  density  is  determined  simultaneously  with 
the  potential,  both  being  consistent  with  the  ion  density. 

The  finite  element  approximation  to  (5)  produces  the  matrix  equation 

£ (W(e)  - S‘(e)  V(e))  * i>v  = S - S'  * tfv-1  (6) 

e ~ 

where  S is  derived  from  q by  the  following  analysis: 

For  small  h/x,  S is  simply  the  total  charge  associated  with  each  node, 

Q = q hJ.  If  the  elemental  volume  becomes  large  compared  to  x,  then  numer- 
ical noise  and  features  like  a sheath  edge  which  may  span  only  a few  x,  be- 
comes incorrectly  amplified  when  the  q determined  at  a point  becomes  multi- 
plied by  all  of  Fr.  when  it  .s  not  possible  to  reduce  the  zone  size,  sta- 
bility can  be  preserved  by  replacing  Q (and  Q')  with  a reduced  value  S (S') 


212 


which  is  calculated  to  be-the  maximum  allowable  charge  for  the  element. 
Because  of  the  artificial  amplification  argument,  S is  often  the  more  real- 
istic total  for  an  element.  Before  deriving  S,  we  define  the  barometric 
potential  £5  = fcn(n^)  which  is-  the  potential  for  which  Q * 0 and  note  that 
it  is  important  that  S » Q as  0 » £5  if-  guasi neutral  regions  are  to  be 
modeled  correctly.  To  determine  S»  consider  a capacitor  with  potential  dif- 
ference (05  - 0),  area  h\  and  a separation  of  h.  The  charge  qc  on  this 
capacitor  is  given  by 

«/ 

qc  - c»*  ■ Hi-  <*b  - <)kT 


In  the  units  of  our  previous  Q,  qc  becomes 
Qm  = ah(0b  - 0) 


which  is  the  maximum  allowable  charge  per  element,  with  the  parameter  o, 
adjusted  to  insure  that  is  maximized-  Thus  at  each  node,  we  choose  for 
the  charge 

IS  I « min  (|QM|,  |Q  |) 

w4lh 

-ah  for  S = Qm 

-h\-^  exp0  for  S = Q 


The  effect  of  this  algorithm  is  this:  If  a problem  has  been  specified 
where  a boundary  potential  would  be  screened  in  less  than  a zone  or  two  (the 
limit  of  any  code's  resolution),  sufficient  sheath  charge  will  be  redistrib- 
uted so  as  to  allow  the  potential  to  be  screened  over  the  minimum  number  of 
zones  that  are  consistent  with  stability.  When  this  occurs  it  is  necessary  to 
have  a modified  criteria  for  locating  the  sheath  "edge".  Our  choice  is  to 
place  the  edge  at  0m  = fcn(axz/hz)  (when  0m  > kT/e)  which  is  the 
potential  at  which  Q'n  = Q'.  This  is  the  potential  contour  that  marks  the 
region  where  the  most  drastic  charge  reduction  occurs. 

SHEATH  PARTICLE  TRACKING 

Internal  to  the  sheath  boundary,  strong  electric  fields  will  cause  sig- 
nificant bending  of  iOn  trajectories  and  focusing  of  currents.  POLAR  models 
these  effects  by  tracking  "particles"  inward  from  the  sheath  edge  to  the 
object  surface.  This  tracking  provides  both  the  distribution  of  surface  cur- 
rents, i.e.  currents  to  surfaces,  and  the  ion  density  within  the  sheath. 

Prior  to  performing  this  calculation,  we  must  know  the  suitable  sheath 
location  and  the  currents  from  the  plasma  to  the  sheath. 
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are  presented  In  figure  8 for  three  sheath  surface  potentials.  The  curves  for 
higher  potential  in  figure  8 are  consistent  with  the  orbit  limited  approxima- 
tion in  the  wake-ward  direction  only.  Elsewhere  the  higher  potentials  would 
be  screened  more  rapidly  than  1/r^.  . 

Return  now  to  the  question  of  sheath  boundary  placement.  The  results  of 
figure  8 indicate  that  the  current  density  enhancement  factors  are  not  tremen- 
dously sensitive  to  the  sheath  boundary  potentials  for  the  ram-ward  angles. 

For  wake-ward  angles,  there  is  a much  greater  enhancement  sensitivity  but  this 
may  not  carry  over  into  a surface  charging  sensitivity.  A lower  potential 
sheath  boundary  will  tend  to  extend  ell ipso i dally  in  the  wake  direction  pro- 
ducing increased  sheath  surface  area.  Focusing  within  the  sheath/wake  area 
will  collect  these  lower  sheath  currents  and  reduce  the  sensitivity  to  sheath 
boundary  placement.  Also,  all  of  these  wake/ sheath  currents  are  small,  and 
may  ultimately  be  negligible  when  compared  to  other  positive  current  sources 
such  as  the  contribution  from  secondary  electrons  and  the  hydrogen  component, 
for  which  the  Mach  speed  will  be  a factor  of  4 less,  than  for  oxygen.  The 
paper  by  Parks  et  in  these  same  proceedings  investigates  the  effects  of  a 
hydrogen  component . 

In  each  spatial  element,  the  sheath  edge  is  contoured  by  triangular 
plates.  From  each,  two  or  more  (typically  four)  particles  are  started. 

Before  these  particles  are  assigned  currents,  a test  particle  is  ejected  out- 
ward from  each  plate  across  a few  elements  to  probe  for  objects  or  potential 
barriers  that  would  shield  presheath-  currents  from  that  plate.  If  such  obsta- 
cles are  formed,  the  particles  from  that  plate  are  deleted. 

Once  all  particles-  and  currents  have  been  assigned.,  particles  are 
advanced  along  their  trajectories  by  a “pusher*".  This  pusher  sweeps  back  and 
forth  along  the  2 axis,  operating  on  successive  single  slices  of  elements  (two 
slices  of  nodal  potentials).  Within  each  slice,  trajectories  advance  in  the  X 
and  Y directions  until  they  reach  the  present  Z or  2+1  slice  boundaries,  X,  Y 
boundaries  or  the  vehicle  surface.  If  the  pusher  is  sweeping  in  the  +Z  direc- 
tion, particles  exiting  at  Z+l  are  continued  in  the  next  push,  whereas  parti- 
cles exiting  at  Z (moving  in  the  -Z  direction)  are  stored  on  disk  and  picked 
up  on  the  return  pass  of  the  pusher.  The  pusher  continues  sweeping  until  all 
trajectories  have  been  concluded. 


RESULTS 

Two  model  calculations  are  presented,  the  quasisphere  and  the  shuttle. 
For  both  problems,  the  plasma  is  an  0 plasma  with  kT  = 0.1  eV,  N = Hr 
cm-3  and  x = 2.3  cm.  Both  models  have  the  objects  moving  at  an  ion  Mach 
speed  of  8 (~8  km/sec).  Neutral  ion  density  contour  plots  for  these  objects 
have  been  presented  in  figures  4 and  5.  All  of  the  contour  plots  are  2-D  cuts 
through  the  3-D  arrays  of  potentials  or  densities.  In  the  quasisphere  (Q-S) 
plots,  the  cuts  go  through  the  center  of  the  object  and  its  wake.  For  the 
shuttle,  the  longitudinal  cuts  (showing  a side  profile  of  the  orbiter)  run 
just  to  the  side  of  center  and  through  one  of  the  engines. 

In  these  calculations,  the  Q-S  is  modeled  as  a grounded  conductor 
covered  with  0.1  mm  thick  kapton  and  a "quasiradius"  of  2.5  m.  At  t = 0,  the 
auroral  spectrum  of  figure  7 is  switched  on,  with  all  surfaces  at  zero  poten- 
tial. The  Q-S  is  allowed  to  charge  for  a total  of  7.8  seconds  in  13  intervals 
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of  0.6  sec  each.  Ambient  electron  spacecltarge  factors  and  auroral  electron 
surface  currents  are  calculated  at  each  step.  All  secondary  electrons  are  as- 
sumed to  escape.  Ion  surface  currents  are  determined  from  sheath  particle 
track-ing  at  the  0.5,  2.4,  4.8  and  7.2  sec  intervals,  while  the  0-0.6  sec  in- 
terval uses  the  precharge  estimates  of  ion  currents.  Figure  9 shows  a poten- 
tial contour,  plot  with- linearly  spaced  contours  at  2.4  sec,  where  the- maximum 
surface  potential  is  -130  volts  on  the  wake  side  of  the  Q-S.  Figui  10  is  a 
contour  plot  of  the  same  potentials  us-ing  logarithmically  spaced  a..  :ours, 
where  the  sheath  contour  is  chosen  to  he  -0.5  volts  and  is  indicated  by  the 
X's.  A subset  of  the  sheath  ion  trajectories  are  also  shown.  Figure  11  shows 
linear  potential  contours  for  the  Q-S  at  4.8  seconds  with  the  new  sheath  loca- 
tion (-0.6  volts)  indicated  again  by  X's;  the  maximum  surface  potential  i-S 
-252  volts.  The  end  point  of  the  calculation  is  shown  in  figure  12  at  7.8 
seconds  where  a rough  equilibrium  has  been  established  and  the  maximum  surface 
voltage  is  -447  volts.  The  apparent  discharging  of  the  side  surfaces  at  7.8 
seconds  when  compared  with  the  Q-S  at  4.8  seconds  is  a plotting  illusion  due 
to  the  same  number  of  contours  being  spread  over  a large  potential  differ- 
ence. The  long  charging  times  reported  here  are  not  realistic  and  are  due  to 
the  combination  of  grounded  conductor  and  thin  dielectric  which  produces  a 
high  capacitance  to  ground.  This  fixed  ground  has  been  retained  as  a develop- 
mental convenience  and  will  be  allowed  to  float  in  the  future. 

A preliminary  model  of  shuttle  orbiter  charging  is  presented  in  figures 
4,  13,  14,  and  15.  The  materials  specified  for  this  model  are  not  realistic, 
and  again,  the  ground  was  not  allowed  to  float.  Starting  with  the  ion  den- 
sities shown-  in  figure  4,  the  orbiter  is  exposed  to  the  same  plasma  and  aurora 
as  was  the  Q-S  with  a mesh  spacing  of  L.16  m/grid  unit.  The  shuttle  is  al- 
lowed to  charge  for  only  3 seconds  in  three  steps.  Potential  contours  at  the 
3 second  point  are  presented  in  figure  13  for  the  same  cut  as  figure  5.  The 
maximum  surface  potential  is  -101  volts.  The  lowest  contour  is  at  -20  volts 
so  it  is  not  possible  to  see  lower  space  potentials  in  the  wake,  but  one  can 
observe  the  compression  of  contours  on  the  underside  compared  to  those  in  the 
cargo  bay.  Figure  14  is  a cut  through  the  ion  density  data  at  Z * 17  (.see 
figure  13).  In  figures  14  and  15,  the  complete  projected  silhouette  is  out- 
lined whereas  only  a portion  of  the  cargo  bay  floor,  wall  and  doors  actually 
lie  in  this  cut.  Since  the  plasma  is  flowing  predominantly  along  the  length 
of  the  orbiter,  the  ion  density  wake  shown  in  figure  14  is  due  to  portions  of 
the  orbiter  upstream  of  the  cut.  Figure  15  shows  potential  contours  in  the 
cut  at  Z = 17,  where  significant  charging  can  be  observed  on  the  outside  of 
the  bay  doors  which  lie  in  the  wake  of  the  wings,  but  not  on  the  inside  which 
was  a grounded  conductor. 

The  shuttle  model  employed  41,175  grid  points,  but  due  to  POLAR's  disk 
data  management  and  segmented  construction,  only  about  70,000  words  of  core 
memory  were  required.  On  our  UNIVAC  1100/80,  the  shuttle  model  calculation 
required  about  3 hours  of  CPU  time. 

CONCLUSIONS 

The  results  of  these  POLAR  calculations  are  quite  preliminary  and  are 
presented  primarily  to  demonstrate  the  capabilities  of  the  code.  However,  we 
are  quite  pleased  with  the  close  resemblance  of  the  quasisphere  model  to  the 
DMSP  charging  events  reported  in  these  same  proceedings  by  Burke  and  Hardy. 
Perhaps  the  most  significant  result  of  these  calculations  is  that  POLAR's 


■> 

I 


216 


design  criteria  are  proving  to  be  realizable,  and  although  more  development 
will  be  required  we  anticipate  that  POLAR  will  become-a  usef-ul  scientific  and 
engineering  tool. 
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TABLE  1.  - POLAR /IONOSPHERIC. PARAMETERS 
Orbit  Altitude  150-350  km 


Ambient  Plasma 

Temperature  (eVl 
Ion  Density  (cm"'’) 

Ion  Species  , 

Neutral  Density  (cm-3) 


0.1-0. 3 

lO^-iO© 


Ambient  Electron  Acoustic  Speed 

Ambient  0*  Acoustic  Speed 

Satellite  Velocity 

Auroral  Electrons 
Energies 
Fluxes 

Integrated  Currents 


Vae  - SVT7W*  133  km/ sec 
Va0  - 1 km/ sec 
& km/ sec,  M - V/Vao  ■=  8 

«10|-10|  eV 
<10s/cnr  *sec  •str*KeV 
<100  wA/rn2 


Magnetic  Parameters 


Magnetic  Field  Strength 

5 x 10"5 

Tesla  (0.5  Gauss) 

Particle 

Gyroradius 

Gyroperiod 

Ambient  Electrons 

(0.1  eV)  2 cm\ 

Secondary  Electrons 

(3  eV)  13-  cm  ( 

7 x 10-7  sec 

Auroral  Electrons 

(10  KeV)  4 m 1 

Ambient  Ions  (0+,  0.1  eV) 

3 ID 

2 x 10“2  sec 
1.3  x 10"’  sec 

(H+,  0.1  eV 

0.2  m 

Cycloid  Spacing  Observed  At  8 km/sec 
Electrons  0.6  cm 

H*  10  m 

0+  160  m 


Ambient  Debye  Length 


Characteristic  Lengths 
xp  < 1 cm 


Shuttle  Arbiter 


L » 37  m 


Sheath  Thickness  For  Potentials  1 kV  5 kV 

Around  3 m Radius  Sphere***  6.9  m 11.6  m 

Planar  Child-Langmuir + 9.32  m 31.2  m 

t Calculated  for  xp  » 0.74  cm,  kT  ■ 0.1  eV 
**  From  Figure  72,  Al'pert  et  (ref.  21) 


Figure  1.  The  eight  building  block  types  are  shown  here.  From  right  to  left 
and  top  to  bottom:  flat  plate,  FIL111  smoothing  a corner,  slanted 
plate,  tetrahedron,  quasisphere,  wedge,  rectangular  parallelepided, 
and  octagon  right  cylinder. 


Figure  2.  Perspective  p^t  of  the  POLAR  shuttle  model  used  for  these  calcula- 
tions, showing  individual  surface  cells. 


22  0 


-9.0  3.0  7.0  13.0  17.0  33.0  37.0  33.0  17.0  42.0  9.9  93.0-9.0  03.0 

z- (grid  units) 

Figure  3.  Two-dimensional  cross-section  of  POLAR's  computational  and  object 
grids.  The  combination  of  orthogonal  transformations  of  the  object 
and  object  grid  with  staggering  in  the  X*Y  node  slices  allows  for 
any  orientation  of— object  and  plasma  flow. 


-3.0  3.0  7.0  13.0  17.0  33.0  37.0  32.0  9.0  43.0  47.0  53.0  97.0  03.0 

z (grid  units) 

Figure  4.  Two-dimensional  cross-section  of  normalized  neutral  ion  densities, 
for  a slice  one  unit  from  center,  running  through  an  engine.  One 
mesh  unit  - 1.16  m,  ion  Mach  speed  = 8,  contour  interval  * 0.11, 

N0  = 104  cm'3,  kT  . 0.1  eV. 
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m 


Figure  5 


Figure  6. 


z (met*.  ?) 

. A central  slice  of  ion  density  contours  for  a quasisphere.  One 

m>  ^on  ^ach  speed  = 8,  kT  = 0.1  eV,  contour  inter- 
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POLAR  code  calculation  of  shuttle  cargo  bay  plasma  densities 
compared  with  measurements  made  by  Murphy  et  ajk^  (ref.  11). 
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DIFFERENTIAL  ELECTRON  FLUX 


Figure  7.  Fit  and  comparison  of  POLAR's  analytic  spectral  form  to  an 

energetic  electron  event  observed  on  DMSP-E2  (ref.  13).  Assuming 
isotropy  the  total  current  carried  by  this  spectra  was  14  uA/m-. 


phi  - 

phi  - 
phi  « 


30.00 

10.00 
.00 


COS(O) 

Figure  8.  Current  density  to  a sphere  of  potential  PHI  = eV/kT  in  a Mach  8 
plasma  using  orbit  limited  theory,  cos(e)  = 1.0  for  ram  direction, 
cos(e)  = -1.0  for  wake  direction. 


z (meters) 

Figure  9.  Contour  plot  of  potentials  for  the  quasisphere  in  the  same  cross- 
section  as  figure  5 after  2.4  seconds  of  charging.  Contour  inter, 
vals  are  14.5  volts,  and  the  maximum  surface  potential  is  -130.0 
volts.  The  ambient  plasma  density  is  104/cc,  kT  = 0.1  eV,  and 
*0  = 2.3  cm.  - 


-9.t-J.B-L0  1.0  9.0  10  7.0  o.otl.9 11.0  IJ.O 17. 019.021. 023. 029.0  7.0 

z (meters) 

Figure  10.  The  same  potentials  and  cross-section  as  figure  9,  but  with 

logarithmic  contours.  The  contour  interval  is  alog(-V)  = 0.87, 
labeled  contours  are  in  volts.  The  lower  left  tip  of  the  x's  mark 
the  sheath  location  (-0.6  v),  where  a subset  of  trajectories 
illustrate  the  sheath  ion  tracking. 
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z (meters.) 

Figure  11.  Quasisphere  potential  contours  after  4.8  secs  of  charging.  The 
maximum  surface  potential  is  -252  volts*  and  the  contour  inter- 
val is  28  volts.  X's  again  mark  the  -0.6  volt  sheath  contour. 
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Figure  12.  Quasisphere  potential  contours  after  7.8  secs  of  charging,  where 

some  surfaces  have  reached  equilibrium.  The  maximum  surface  poten- 
tial is  -447  volts  and  the  contour  interval  is  -49.7  volts. 
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f z (grid  units) 


Figure  13.  Contour  plot  of  potentials  about  the  shuttle  orbiter  in  the  same 
cross-section  as  figure  4.  The  maximum  surface  potential  in  this 
cross-section  is  -10L  volts,  and  the  contour  interval  is  20  volts.-- 
The  arrow  at  Z = 17  indicates  the  location  of  cross-section  shown 
in  figures  14  and  15. 
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Figure  14.  Ion  density  contour  cross-section  at  Z = 17  (see  figure  13).  The 
full  projected  sillouhette  of  the  orbiter  is  shown,  although  only 
cargo  bay  walls,  dqors,  and  floor  lie  in  this  slice.  Ion  densities 
range  from  8 x 10"'  to  1.0  in  intervals  of  0.11. 
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POLAR  ORBIT  ELECTROSTATIC  CHARGING  OF  OBJECTS  IN-SHUTTLE  WAKE*  


I.  Katz,  0.  £.  Parks,  0.  L.  Cooke,  and  M.  J.  Manlell 

S-CUBED 

La  Jalla,  California-92030 
A.  J.  Rubin 

Air  force  Geophysics  Laboratory 
Hanscom  Air  Force  Base,  Massachusetts  01731 

A receRt  survey  of  OMSP  data  has  uncovered  several  cases  where  precip- 
itating auroral  electron  fluxes  are  both  sufficiently  intense  and  energetic  to 
charge  spacecraft  materials  such  as  teflon  to  very  large  potentials  in  the 
absence  of  ambient  ion  currents.  In  this  paper  we  provide  analytical  bounds 
which  show  that  these  measured  environments  can  cause  surface  potentials  in 
excess  of  several  hundred  volts  to  develop  on  objects  in  the  orbiter  wake  for 
particular  vehicle  orientations. 


INTRODUCTION  — 

Vie  consider  an  object  in  the  wake  of  a spacecraft  flying  at  an  altitude 
of  a few  hundred  kilometers  in  low  polar  earth  orbit.  We  suppose  that  the 
object  is  charged  to  large  negative  voltages  with  respect  to„the  ambient 
plasmas  by  an  intense  current,  perhaps  of  order  10-8  amps/cm^,  of  multi- 
kilovolt electrons.  Our  objective  is  to  estimate  upper  bounds  on  the  ion  cur- 
rent attracted  by  the  object,  and  lower  bounds  on  its  electric  potential. 

We  assume  that  the  plasma  consists  predominantly  of  0+  at  a concentra- 
tion of  about  105/cm3  and  a thermal  energy  per  particle  kT  ~ 0.1  eV.  The 
speed  of  the  satellite  V0  is  8 x 108  cm/sec,  corresponding  to  0*  flow 
energy  1/2  M0  v£  = 5.12  eV  per  particle,  and  a ratio  Vg/ vt  kT/M0 
= 8.  The  plasma  may  also  contain  H , again  with  kT  ~ 0.1  eV,  but  with  a 
smaller  Mach  number,  Vg/  V1 2 kt/M^  * 2.  In  the  considerations  that  follow 
we  assume  that  the  vehicle  is  in  eclipse  and  that  no  spacecraft  generated 
plasmas  surround  the  vehicle. 

The  estimates  are  based  on  orbit  limited  theory  collection  by  a 
shadowec,  ion  attracting  object  in  a cold  flowing  plasma.  Initially,  thermal 
effects  are  not  considered;  it  is  anticipated  that  such  neglect  is  justified 
for  high  Mach  number  flows,  especially  if  the  negative  potential  on  the  col- 
lecting object  is  very  much  larger  than  kT.  Supposing  that  thermal  effects 
are  negligible,  it  is  then  argued  that  the  theory  provides  an  upper  bound  on 
collected  ion  current,  or  equivalently,  a lower  bound  on  the  potential  to 
which  the  object  becomes  charged.  Because  H+  ion  speeds  are  not  very  much 
less  than  flow  velocities,  thermal  effects  on  H+  collection  will  be  further 
considered  later  in  the  paper. 

For  ionospheric  plasmas  with  negligible  hydrogen  concentration,  ener- 
getic electron  currents  to  the  wake  side  object  can  be  neutralized  only  by 
attracted  0+  ions.  For  a one  meter  object  shadowed  by  a ten  meter  shuttle, 

*This  work  supported  by  Air  Force  Geophysics  Laboratory,  Hanscom  Air  Force 
Base,  Massachusetts,  under  Contract  F19628-82-C-0081. 
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we  find  that  the  magnitude  of  the  minimum  voltage  for  attracting  Q+  ions  is 
about  500  volts.  In  contrast,  space  charge  limited  collection  of  Q+  ions 
through  a ten  meter  radius  sheath  requires  about  4 KeY  to  neutralize  a current 
of_lQ"y  amp/enr  of  energetic  electrons. 

The  effect  of  H*  is  to  lower  the  voltage  threshold  for  orbit  limited 
collection  to  several  tens  of  volts,  but  H concentrations  much  larger  than 
lQGZcnr  are  required  to  neutralize  energetic  electron  currents  as  large  as 
10'"  amps/cnr  if  potentials  more  negative  than  100  volts  with  respect  to 
the  ambient  plasma  are  to  be  avoided. 


THEORY 

Consider  a sphere  of  radius  a at  a potential  -V  shadowed  by  a disk  of 
radius  R0  at  a distance  fc  from  the  sphere  center.  The  geometry  is  axi sym- 
metric, with  the  symmetry  axis  defined  by  the  line  connecting  the  centers  of 
the  sphere  and  disk  parallel  to  the  plasma  flow  velocity  V0. 


2Po 


Figure  1.  Geometry  for  ion  collection. 

To  proceed  further,  we  assume  that  the  electrical  potential  is  spheri- 
cally symmetric  about  the  center  of  the  collecting  sphere,  and  that  the  poten- 
tial field  is  unaffected  by  the  shield.  In  reality,  the  configuration  of 
electric  potential  is  much  more  complex,  being  strongly  shielded  by  the  plasma 
in  the  upstream  direction  and  extending  over  substantial  distances  into  the 
wake  of  the  shield.  Thus,  by  invoking  the  assumption  of  spherical  symmetry 
one  overestimates  the  upstream  range  of  the  potential  and  thereby  the  col- 
lected current. 


Given  the  foregoing  assumptions,  the  maximum  ion  current  drawn  by  the 
sphere  occurs  when  the  distance  between  the  shield  and  collector  is  infi- 
nite. Then,  in  accordance  with  orbit  limitec  theory,  which  also  overestimates 
collected  currents,  the  current  of  ions  of  a particular  species  intercepted 
by  the  sphere  is  given  by 


‘i 


•e  N,V0  tbf  - R*] 


(1) 


where  Nj  is  the  density  of  the  species  i in  the  unperturbed  plasma  and  the 
maximum  impact  parameter  is  determined  from 

VQb.j  = va  conservation  of  angular  momentum  (2) 
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conservation  of  energy 


(3) 


1 

i 


M.V2 

10 


1 

1 


eV 


where  is  the  ion  mass,  e the  electron  ion  charge,  and  v the  speed  of  the 
ion  at  the  collector.  Finally  the  collection  current  is 


'i  ? Vo 


(4) 


with  a collection  threshold  at 


eV 


1 

i 


1 


(b) 


For  a pure  0+  plasma  (1/2  ~ 5 eV)  and  with  R0/a  =••  10,  the 

voltage  threshold  for  the  onset.of  collection  occurs  at  about  500  volts.  A 
current  density  of  10“8  amps/cm2  corresponds  roughly  to  maximum  observed 
levels  of  intensity  of  energetic  precipitating  electrons  (E  > 1 KeV)  (refs. 
1-3).  For  N0  “ 105  cm-3,  the  collected  ion  current  is  a sufficiently 
steep  function  of  voltage  that  neutralization  of  the  electron  current  of 
10“°  amps/cmz  occurs  only  slightly  above  the  threshold. 

The  voltage  threshold  for  hydrogen  ion  collection  is  eV^  ~ 30  vdlts 
for»R0/a  = 10.  Below  300  km  altitude  the  H+  concentrations  are  <100 
cm"J,  and  would  not  contribute  substantially  to  the  neutralization  of  elec- 
tron energetic  electron  currents  as  large  as  10“°  amps/cm2  Instead  at 
the  500  volt  threshold  for  0 collection,  the  collected  H current  is  only 
Iy  a 2 x 10"  amps/cnr  for  Nh  = 100  cm“3,  R0/a  ~ 16,  Thus  for 
H ~ 100  cm“3  to  effectively  control  the  charging  by  energetic  electrons, 
it  is  necessary,  but  perhaps  not  sufficient,  that  the  charging  currents  be 
l|ss  than  2 x 10“10  amps/cnr.  Of  course,  at  hjgher  altitudes  where  the 
H concentrations  are  greater,  the  effect  of  H in  neutralizing  charging 
is  correspondingly  greater. 

The  previous  considerations,  utilizing  orbit  limited  theory  with  the 
shield  a long  distance  from  the  collector,  overestimate  the  collected  ion  cur- 
rent. We  can  also  estimate  the  collected  current  with  the  shield  at  a finite 
distance  from  the  collector.  In  this  case  the  current  is  given  by 


I =•.  uN  eV 

o 


(6) 


where  R«>  is  the  ambient  parameter  at  infinite  distance  which  causes  the  ion  to 
intersect  the  outer  edge  of  the  shield  located  at  the  distance  R0  * (R§ 

+ n2)*'2  from  the  center  of  the  collector.  To  relate  R*  to  the  collector 
potential  and  geometry,  we  must  know  the  ion's  orbit  in  the  potential  field. 
Suppose  for  this  purpose  that  the  potential  is  given  by 
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(?) 


t - ~Va/r 

Solv-wg  the  orbit  equations  then  leads  to  the  relation 


In  Table  1 we  compare  the  voltage  thresholds  for  ion  collection  for  the  two 
extreme  cases  H ~ » (r0  «<*>)  an^  it  - 0 (r0  «=  R0),  obtained  by  setting  1 
= 0 in  equation  (6). 

Table  1.  Approximate  Voltage  Thresholds  for  Ion  Collection, 

R/a  = 10,  VT  (volts) 


ft  B « 

1 1 B 1 

507 

2000 

31.7 

120 

Potentials  decreasing  more  rapidly  than  1/r  for  increasing  r would  lead 
to  increases  in  the  threshold  voltage  by  even  more  than  the  factor  of  four 
given  in  Table  1. 

We  next  ask  whether  thermal  effects  on  H+  collection  will  substan- 
tially alter  our  estimates  of  minimum  potential  required  for  current  neutral- 
ization. For  this  purpose  we  neglect  Shadowing  of  the  collector  by  the  space- 
craft and  assume  orbit  limited  collection  of  H*  ions.  The  orbit  limited 
collection  by  a sphere  at  potential  -V  in  a warm  flow4ng  plasma  is  given  by 
KanaT's  expression  (ref.  4) 


(9) 


Fo*  H+,  M v£/2  kT  ~ 3 and  the  collected  current  does  not  differ  Sub- 
stantially from  the  cold  plasma  result 
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Thus,  for  V ~ 500  volts,  N ~ 100  cm"2, 

I/na2  * 1.3  x 10"9  amp/cm2  , (H) 

and  this  extreme  overestimate  of  collected  H+  current  is  still- substantially 
less  than  the  maximum  observed  charging  currents. 

So  far,  we  have  estimated  upper  bounds  on  selected  ion  current  by  invok- 
ing orbit  limited  theory.  To  ascertain  how  much  the  estimated  bound  might 
exceed  actual  current  collection,  let  us  consider  space  charge  limited  col- 
lection of  0 ions  by  a one  meter  sphere  through  a spherically  symmetric 
sheath  of  ten  meter  radius,  the  latter  radius  representing  the  radial  extent 
of  a+wake.  The  Langmuir-Blodgett  theory  for  space  charge  limited  collection 
of  0 by  a sphere  permits  the  required  voltage  to  be  estimated  from  (ref.  


j 


1.37  x 10“8 


v3/2 

<«a)2 


(12) 


For  j » 10~®  atnp/cm^,  a s 100  cm,  and  an  outer  emission  radius  of  10^ 
cm,  equation  (12)  with  or  - 30  gives 

V : 3.6  kV  (13) 


DISCUSSION 

Simple  theoretical  considerations  have  been  invoked  to  estimate  upper 
bounds  on  the  ion  current  collected  by  a shadowed  object  subjected  to  intense 
fluxes  of  energetic  electrons.  In  the  course  of  these  estimates,  many  compli- 
cating factors  associated  with  geometry,  vehicle  potentials,  field  asym- 
metries, and  charging  properties  of  materials  have  been  ignored.  It  is  appro- 
priate to  ask  whether  any  of  the  effects  that  have  been  neglected  may  substan- 
tially altar  the  magnitude  of  current  drawn  by  an  object  located  in  the  wake 
of  an  ionospheric  spacecraft. 

The  effect  of  secondary  emission  would  be  to  increase  the  effective  cur- 
rent to  the  object.  While  secondary  emission  may  be  small  for  primary  elec- 
tron energies  ~10  KeV,  it  may  be  substantial  for  softer  components  of  the  pre- 
cipitating electron  spectrum',  including  those  reflected  from  the  dense  atmo- 
sphere. 

The  effect  of  a shuttle  potential  and  field  asymmetries  is  difficult  to 
determine.  One  might  argue  that  a potential  on  the  shuttle  increases  its  ef- 
fective size  and  decreases  current  to  a shadowed  object;  one  might  also  argue 
that  the  fielos  around  the  shuttle  focus  more  ions  into  the  near  wake  where 
the  object  is  located.  The  theoretical  resolution  of  these  questions  will 
require  multidimensional  calculations  of  electric  fields  and  ion  trajectories 
in  those  fields.  The  required  techniques  will  be  embodied  in  the  POLAR  code, 
now  under  development  at  S-CUBED. 
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WAKES  AND- DIFFERENTIAL  CHARGlUfLOF  LARGE  BODIES  IN  LOW  EARTH  ORBIT 


Lee  W.  Parker 
Lee  W.  Parker,  Inc. 
Concord,  Massachusetts  01742 


Highlights  of  earlier  results  by  the  author  and  others  using  the  author's  Inside- 
Out  WAKE  code  on  wake  structures  of  LEO  spacecraft  are  reviewed.  For  conducting 
bodies  of  radius  large  compared  with  the  Debye  length  (large  inverse  Debye  number),  a 
high-Mach-nuiuber  wake  develops  a negative  potential  well.  Quasineutrality  is  violated 
in  the  very  near  wake  region,  and  the  wake  is  relatively  "empty"  for  a distance  down- 
stream of  about  one-half  of  a "Mach  number"  of  radii..  There  is  also  a suggestion  of  a 
core  of  high  density  along  the  axis.  We  report  recent  work  on  very  large  bodies  in  LEO. 

A comparison  of  rigorous  numerical  solutions  with  in-situ  wake  data  from  the  AE-C 
satellite  suggests  that  the  so-called  "neutral  approximation"  for  ions  (straight-line 
trajectories,  independent  of  fields)  may  be  a reasonable  approximation  except  near  the 
center  of  the  near  wake..  This  approximation  is  adopted  here  for  very  large  bodies. 

In  an  earlier  investigation  of  differential  charging  of  small  nonconducting 
bodies  due  to  plasma  flows,  it  was  found  that  the  scale  of  the  voltage  difference 
between  the  upstream  and  downstream  surfaces  ("front"  and-I'wake"  surfaces  of  a non- 
conducting body)  due  to  a high-Mach-number  plasma  flow  is  governed  by  the  ion  drift 
energy.  Hence  kilovolt  potential  differences  may  occur  in  the  solar  wind,  for  example, 
between  a spacecraft  and  a piece  of  insulated  material  in  its  near  wake. 

Recent  work  has  concerned  the  "wake-noint"  potential  of  very  large  nonconducting 
bodies  Such  as  the  Shuttle  Orbiter..  Using  a cylindrical  model  for  bodies  of  this  size 
or  larger  in  LEO  (body  radius  up  to  10^  Debye  lengths),  approximate  solutions  are  pre- 
sented based  on  the  neutral  approximation (but  with  rigorous  trajectory  calculations 
for  surface  current  balance).  There  is  a negative  potential  well  if  the  body  is  con- 
ducting, and  no  well  if  the  body  is  nonconducting.  In  the  latter  case  the  wake  sur- 
face itself  becomes  highly  negative.  The  wake-point  potential  is  governed  by  the  ion 
drift  energy. 


LARGE-BODY  WAKE  STRUCTURE:  CONDUCTING  BODIES 

Parker's  wake-theory  computer  model  for  pillbox  shapes  (Inside-Out  Method  for 
warm  ions  - see  refs.  1-3)  was  applied  by  the  author  and  others  in  a number  of  wake 
calculations.  High-voltage  sheaths  and  wakes  of  large  bodies  require  special  numeri- 
cal techniques  (see  refs.  3 arid  12  for  generalization  to  3-D  geometries > CLEPH  code). 


Wake  of  Moderately-Large  Conducting  Body  in  LEO 

First  we  present  highlights  of  earlier  results  obtained  (1976,  see  refs.  1-2)  in 
a problem  involving  the  wake  of  a large  body  in  LEO,  100  Debye  lengths  in  radius.  The 
body  is  in  the  form  of  a disk  oriented  normal  to  the  flow.  For  two  cases  (figs,  la 
and  lb)  the  parameter  values  are: 
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Case  1 


Case  2 


♦ 


o 


= -4 


(dimensionless  potential  in  units  of  kT/e) 


<p  = -4 
ro 


(inverse  Debye  number  = ratio  of  body 
radius—to  Debye  length) 


= 100 


M = 4 


(ion  Mach  number; 


M = 8 


This  size  of  moving  body  is  larger  than  had  been  treated  prior  to  1976  by  trajectory- 
following, i.e.,  realistic,  calculations . The  results  show  what  may  be  expected  for 
the  wake  structure  of  large  bodies  in  general-  The  problem  of  a large  body  requires 
more  effort  (computer  time  and  judicious  selection  of  numerical  parameters)  than  that 
of  a smaller  body.  The  solutions  shown,  therefore,  are  intended  to  be  illustrative 
rather  than  accurate.  The  Inside-Out  Method  was  used  (refs.  1-3). 

Poisson-Vlasov  iteration  was  applied  (refs.  1,2),  starting  with  the  neutral- 
approximation  ion  density  as  an  initial  guess.  A nominal  number  of  trajectories, 

512,  was  used  at  all  grid  points.  The  grid  is  similar  to  fig.  2a  with  z>0. 

The  profiles  of  n^,  ne,  and  <p  (dimensionless  ion  density,  electron  density  and 
potential)  are  shown  in  figure  la  for  Case  1.  Tabulated  values  are  given  in  refer- 
ence 2.  The  wake  is  essentially  "empty"  of  both  ions  and  electrons  between  z=0  and 
z=l,  and  begins  to  fill  up  between  z=2  and  z=3,  where  z- denotes  the  distance  down- 
stream in  units  of  the  body  radius. 


Two  sets  of  ion-density  profiles  are  shown,  on  the  left  side  of  figure  la,  the 
unlabeled-  profiles  for  the  final  iteration,  and  the  profiles  labeled  "A"  for  the  pre- 
vious iteration.  Comparison  Of  the  ne-profiles  with  the  ^-profiles  labeled  "A"  (to 
denote  that  the  ^-profiles  and  ne -profiles  in  the  figure  are  derived  from  these) 
indicates  that  the  quasineutrality  assumption  is  Valid  everywhere  outside  a cone- 
shaped  region  near  the  wake  surface;  the  cone  height  along  the  axis  is  between  one 
and  two  radii.  This  is  in  accord  with  expectation  for  a large  body.  Near  the  wake 
surface,  however,  quasineutrality  is  violated  because  the  effective  Debye  length  is 
large.  The  similarity  of  the  n^-profiles  labeled  "A"  and  the  ne-profiles  in  figure 
la  is- a consequence  of  near-quasineutrality. 


Despite  possible  inaccuracies,  one  may  infer  certain  physical  conclusions  from 
figure  la,  namely,  (a)  the  suggestion  of  a core  of  high  (approximately  ambient)  den- 
sity. of  ions  and  electrons  on  the  axis,  and  (b)  the  occurrence  of  a potential  well  in 
the  near  wake,  defined  as  a region  with  <f>-values  below  -4.  The  shading  in  the  two 
lowest  <t>-profiles  denote  cross  sections  of  this  well.  The  wake-surface  normalized 
fluxes  are  1.1  x 10“8  ("A")  and  2.4  x 10“  ? (final)  for  ions,  and  4.3  x 10“3  for  elec- 
trons. The  electron  current  density  is  less  than  exp(-4),  as  would  be  expected  in 
the  presence  of  a potential  well. 

The  region  of  wake  disturbance  probably  extends  more  than  6 radii  downstream, 
and  between  2 and  3 radii  in  the  transverse  direction. 

Case  2 (fig.  lb)  is  similar  to  Case  1 except  that  the  Mach  number  is  increased 
from  M=4  to  M=8.  The  next-to- final  and  final-order  ion  densities  are  labeled  "A"  and 
unlabeled,  respectively.  On  comparing  these,  the  convergence  seems  fairly  good  at 
z=0.5  and  z=l  radii  downstream.  Again,  the  disturbance  extends  beyond  z=5,  so  that 
the  downstream  boundary  should  be  moved  further  than  z=6  radii  downstream. 
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Despite  possible  inaccuracies,  the  consistency  is  such  that  physical  conclusions 
may  be  drawn  as  follows.  - In-  this  case  the  wake  is  seen  to  remain  empty  further  down- 
stream than  in  the  M=4  case.  In- addition-*  the  suggestion  is  much-  stronger  that  there 
is  a central  core  of  ambient  density  for  both-  ions  and.-electrons  along  the  axis . 
Moreover,  the  potential  well  is  wider  and  longer  than  in  the  M=4  case*  although  the 
depth  is  about  the  same-  The  normalized  wake-surface  fluxes  are  .?  -4  x 10 “3d  ("a.!') 
and.  4.2  x 10” 3®  (final)  for  iohs-,  and  3^7  x 10“3  for  electrons.  The  electron  flux  is 
slightly  less  than  the  M=4  value ,_and  is  again  less  than  exp(-4). 


The  conical  region  behind  the  disk  where  quasineutrality  breaks  down  is  now 
longer  than  in  the  M=4  case,  extending  to  between  z=4  and  z=5  radii  along. the  axis. 

The  region  of  wake  disturbance  is  probably  longer  than  6 radii  downstream,  as  in 
the  M=4  case,  but  may  not  extend  beyond  about  2 radii  in  the  transverse  direction. 


Theory-Experiment  Comparison  for  AL’-C  Satellite 

Next,  we  note  that  Parker's  wake  theory  computer  model  has  been  applied  by  Samir 
and  Fontheim  (ref.  4)  in  a comparative  study  of  ion  and  electron  distributions  in  the 
wakes  of  ionospheric  satellites.  From  a comparison  between  the  theory  and  ion  mea- 
surements on.  the  AE-C  satellite,  Samir  and  Fontheim  show  that  theory  and  experiment 
agree  fairly  well  in  the  "angle-of-attack"  range  between  90°  and  135° • (The  upstream 
and  downstream  directions  are  defined  by  0°  and  l80°,  respectively.)  A significant 
finding  is  the  fact  that  in  that  angular  range  even  the  "neutral  approximation"  for 
ions  (straight-line  trajectories,  independent  of  electric  fields)  gives  fair  agree- 
ment with  the  measurements,  (in  the  near-wake  maximum  rarefaction  zone  near  l80  , 
both  the  neutral  approximation  and  the  self-consistent  solution  underestimate  the 
measured  ion  densities  - inferred  from  probe  currents  - by  orders  of  magnitude. 
Electron  data  obtained  by  the  Explorer  31  Satellite  also  shows  an  underestimation 
near  180°  by  the  Parker  wake  theory,  although  less  pronounced.) 

The  largest  ratio  of  body-radius-to-Debye-length  (that  is,  the  inverse  of  the 
Debye  number)  treated  by  Samir  and  Fontheim  (ref-  4)  is  Rjy=l62,  in  one  of  the  AE-C 
cases . 

Figures  2a,  b (from  ref.  4)  illustrate  the  geometry  of  the  AE-C  ion  measurement, 
and  the  ion  results  for  inverse  Debye  number  l62.  The  locations  of  the  ion  current 
observation  points,  and  of  the  numerical  grid  points  at  which  densities  were  calcu- 
lated, are  shown  in  figure  2a.  The  geometry  of  the  theoretical  model  is  that  of  a 
pillbox  cylinder  with  its  axis  parallel  to  the  flow,  while  the  true  geometry  is  that 
of  a pillbox  cylinder  in  a "cross-flow,"  that  is,  with  its  axis  perpendicular  to  the 
flow.  In  spite  of  this,  the  theory-experiment  comparison  is  deemed  by  Samir  and 
Fontheim  to  be  meaningful,  in  view  of  uncertainties  in  the  calculations  and  estimated 
measurement  errors.  (The  depth  in  the  direction  of  the  flow  is  the  same  for  both  the 
satellite  and  the  model,  and  the  cross  sections  presented  to  the  flow  are  nearly  the 
same.)  The  current  probe  moves  on  a circular  arc  at  a radial  distance  of  about  1.5 
satellite  radii. 

In  figure  2b,  the  measured  angular  profile  is  shown  together  with  the  neutral 
approximation  (zero-th  iteration)  and  the  self-consistent  solution  (15-th  iteration). 
The  self-consistent  solution  is  closer  to  the  experimental  profile,  in  the  angular 
range  90°  - 147°,  than  the  neutral  approximation.  Near  180°,  the  self-consistent 
solution  is  2 to  3 orders  of  magnitude  below  the  measured  data,  while  the  neutral 
approximation  is  about  10  orders  of  magnitude  lower. 
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However,  in  their  overall  comparison  assessment,  Samir  and  Fontheim  state  that 
the  neutral  approximation.  describes  the  observed  profiles  more  and  more  accurately  as 
the  Inverse  Debye  number  (ratio  of  body  radius  to  Debye  length)  becomes  large.  This 
is  Justified-  physically  based-  on  the  expectation  that  charge  separation  effects 
become  weaker*  as  the  body  size  increases.  This  is  equivalent  to  the  setting-in-of 
the  quasineutrality  regime,  at  sufficiently  large  inverse  Debye  numbers. 


Wake  of  Very  Large  Conducting  Body  in  LEO:  ^nt  Results 

We  now  treat  the  wake  of  a much  larger  conducting  body,  larger  than  any  treated 
previously.  In  this  case  the  self-consistent,  calculation  becomes  computationally 
relatively  expensive.  However,  a reasonable  approximation  is  afforded  through  the  use 
of  the  "neutral  approximation"  for  ions.  That  is,  the  ion  trajectories  governing  ion 
space  charge  density  are  treated  as  if  the  ions  were  uncharged  and  unaffected  by  the 
field.  The  electron  space  charge  density  is  assumed  to  be  given  by  the  "Boltzmann 
factor",  that  is,  the  exponential  of  the  repulsive  dimensionless  potential.  To  some 
extent  this  approximation  is  supported  by  the  Samir  and  Fontheim  in-situ  comparison 
discussed  above.  In  any  case  it  is  qualitatively  valuable  and  leads  to  physical  in- 
sights with  a minimum  of  computational  expense.  This  approximation  was  used  by  Kiel 
et  al  (ref.  11 ).  (We  compute  current  balance  later  using  rigorous  trajectories _) 

The  potential  distribution  in  the  wake  of  a conducting  satellite,  in  the  form  of 
a long  cylinder  with  its  axis  normal  to  the  flow,  assumed  to  have  a dimensionless 
potential  of  3 kT/e,  is  shown  in  figures  3a,  b and  c,  for  bodies  with  inverse  Debye 
numbers  ranging  from  10  to  10%  and  flow  Mach  numbers  2,  5 and  8.  Eigure  3a  shows  how 
the  wake  potential  profile  varies  with  inverse  Debye  number,  for  fixed  Mach  number  = 

8,  The  profiles  for  inverse  Debye  numbers  10,  102  and  10  ^ are  similar  to  results 
obtained  earlier  for  a sphere  by  Kiel  et  al  (see  fig.  5 of  ref..  11).  The  Kiel  et  al 
(ref.  11)  results  are  for  inverse  Debye  numbers  up  to  10^.  We  have  extended  the  solu=- 
tions  to  10^.  The  wake  potential  profile  has  a negative  minimum  for  inverse  Debye 
numbers  greater  than  about  10.  The  magnitude  of  the  minimum  is  about  7,  10,  It  arid 
19,  respectively,  for  inverse  Debye  numbers  102,  10^,  104  and  10^.  Figure  3b  shows 
how  the  wake  potential  profile  varies  with  Mach  number,  for  fixed  inverse  Debye  num- 
ber = 10^.  The  depth  of  the  potential  minimum  clearly  increases  with  both  increasing 
Mach  number  and  inverse  Debye  number.  Figure  3c  shows  equipotential  contours  for  Mach 
number  = 8 and- inverse  Debye  number  = 105. 

These  results  would  be  applicable  to  the  Shuttle  Orbiter  (inverse  Debye  number 
about  104)  if  it  were  a conducting  body.  However,  most  of  its  surface  (about  97%)  is 
covered  with  nonconducting  tiles.  Hence  it  must  be  treated  as  a large  nonconducting 
body  in  LEO.  The  differential  charging  of  such  bodies  is  treated  in  the  remainder  of 
this  paper. 


WAKE  STRUCTURES  AND  DIFFERENTIAL  CHARGING  OF  SMALL  AND  LARGE 
NONCONDUCTING  BODIES  DUE  TO  PLASMA  FLOWS 


Differential  Charging 

Differential  spacecraft  charging  takes  place  When  the  spacecraft  surface  is 
partly  or  entirely  insulating  and  the  charged-particle  fluxes  vary  from  point  to 
point  over  the  surface.  In  the  familiar  case  of  photoelectric  emission  from  a sunlit 


ft 


238 


insulated  area,  due  to  electrons  escaping  from  it  the  sunlit  area  tends  to  become 
positively  charged  relative  to  the  surrounding  dark  areas  (refs.  5-7).  Mother  mech- 
anism of  differential  charging,  which  is  less  familiar  and  appears  to  have  been 
treated  only  very,  recently  (ref.  8),  ic  that  due  to  the  relative  motion  between  a 
nonconducting  spacecraft  and  the  external  plasma  (e-.g.,  a spacecraft  in- the  iono- 
sphere or  in  the  solar  wind).  The  fluxes  of  ambient  ions  and  electrons  on- the  wake 
surface  are  not  the  same  as  on  the  front  surface . For  high  velocities  of  relative 
motion  compared  with  the  mean  ion  thermal  velocity,  whether  this  occurs  in  the  iono- 
sphere (due  principally  to  spacecraft  motion)  or  in  the  solar  wind  (due  principally 
to  plasma  motion),  there  is  a significant  differential  in.  the  ion  fluxes,  but  a neg- 
ligible differential  for  the  electrons..  Since  the  net  current  density  must  vanish 
locally  at  each  surface  point  in  the  steady  state,  this  plasma- flow  effect  leads  to  a 
larger  negative  equilibrium  potential  on  the  wake  surface  than  on  the  front  surface. 

If  there  is  photoemission  as  well  on  the  front  surface  (as  in  the  solar  wind),  this 
differential  charging  is  enhanced.  As  shown  below,  this  plasma- flow  effect  can  gener- 
ate differences  between  the  front  and  wake  surface  potentials  amounting  to  many  kT/e 
(where  T is  the  temperature,  k is  Boltzmann's  constant,  and  e is  the  electron  charge), 
together  with  a potential  barrier  for  electrons.  The  potential  difference  can  be 
expected  to  be  of  the  order  of  volts  in  the  ionosphere,  and  one  kilovolt  in  the  solar 
wind,  that  is,  of  the  order  of  the  ion  drift  energy  (ref.  8). 

Even  weak  differential  charging  can  interfere  with  measurements  of,  say,  weak 
ambient  electric  fields  or  low-energy  particle  spectra,  and  it  can  create  electron 
potential  barriers  which  can  return  emitted  photoelectrons  or  secondary  electrons  to 
the  surface  and  lead  to  erroneous  interpretations  of  the  data  (ref.  9).  This  type  of 
electron  potential  barrier  is  distinct  from,  and-  should  not  be  confused  with,  the 
more  familiar  space-charge  potential  minimum  which  can  be  produced  by  emitted- 
electron  space  charge  (ref..  10)  and  is  not  due  to  differential  charging.  The  barrier 
produced- by  differential- charging  effects  may  be  more  important  than  the  potential 
minimum  caused  by  space  charge. 

The  next  section  results  show  what  may  be  expected:  (a)  in  the  ionosphere  for 

small  insulated  objects,  small  meteroids,  or  small  parts  of  a spacecraft  (e.g.,  a 
painted  antenna)  located  within  the  wake  region  of  a moving  spacecraft,  and  (b)  in 
the  solar  wind-  for  an  entire  spacecraft,  or  small  natural  bodies  in  the  solar  system. 
Following  the  next  section,  the  \vake  structure  and  differential  charging  of  very 
large  nonconducting  bodies  in  Low  Earth  Orbit  will  be  treated.  .— 

Differential  Charging  of  Small  Nonconducting  Body 

In  the  problem  treated  next  (see  fig.  *0,  we  assume  the  nonconducting  spacecraft 
to  have  a "pillbox"  shape,  and  to  be  in  a flowing  plasma,  with  the  plasma  flow  along 
the  axis,  from  the  "front"  region  toward  the  "wake"  region.  The  plasma  is  taken  to 
be  ionized  hydrogen  and  is  assumed  to  have  a velocity  of  flow  4 times  larger  than  the 
most  probable  ion  thermal  velocity  (ion  "Mach  number"  =4).  (in  the  solar  wind,  this 
Mach  number  would  be  approximately  10.)  Since  the  unperturbed  ion  flux  to  the  wake 
surface  is  about  9 orders  of  magnitude  smaller  than  the  corresponding  ion  flux  to  the 
front  surface,  and  since  the  electron  fluxes  are  about  the  same  to  the  front  and  wake 
surfaces,  there  will  be  a significant  differential  between  the  equilibrium  potentials 
at  the  front  and  wake  surfaces  (see  below). 

Using  the  Inside-Out  Method,  current  densities  of  ions  and  electrons  are  evalu- 
ated at  many  points  on  the  spacecraft  surface  (refs.  7-8).  The  local  surface  poten- 
tials were  varied  until  current  balance  was  achieved  at  each  point. 
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Figure  4 shows  equipotential  contours  around,  the  spacecraft,  obtained  by  numeri- 
cal solution,  labeled  by  numbers  representing  dimensionless  values  of_the  potential 
(in  units  of  kT/e , where  T is-the  plasma  temperature,  and  assuming  T^=Te ) . These 
potentials  are  obtained  from  Laplace's  equation  (space  charge  negligible  for  small 
bodies ),.  where  the  surface  potentials  are  obtained  by  the  relaxation  method- discussed 
by  Parker  (ref..  8),  under  the  requirement  of.  zero  net  current  density  at  all- surface 
points.  The  errors  in-  the  solution  shown  are  estimated  to  be  under  10  percent,  based 
on  several  runs  giving  similar  answers- starting  from  different  initial  guesses. 

There  are  three  regions  of  characteristic  behavior  of  the  potential:  the  "wake", 

the  "side",  and  the  "front".  Near  the  "wake  point,"  the  potentials  are  of  the  order 
of  —10  kT/e.  This  large  negative  value  is  associated  with  the  reduction  in  ion  flux 
due  to  the  flow-  In  the  side  region  the  potentials  are  of  the  order  of  -3  kT/e;  this 
is  essentially  the  order  of  the  equilibrium  potential  when  there  is  no  flow 
(,u-(kT/e)ln(mi/me)l5) . In  the  front  region  the  potentials  are  of  the  order  of  -kT/e, 
i.e.,  are  less  negative  than  those  on  the  side,  because  of  the  enhancement  of  the  ion 
flux  due  to  the  flow.  (Adding  photoemission  here  would  make  the  front  potential  still 
less  negative.)  The  surface  points  are  thus  not  equipotential.  Note  that  there  is  a 
saddle  point  in  the  front  region,  that  is,  a potential  barrier  for  electrons.  This 
feature  is  caused  by  the  interaction  between  the  relatively  large  magnitude  wake-point 
potentials  and  the  relatively  low  magnitude  front  potentials.  The  dashed  part  of  the 
contour  labeled-  "-3.0"  near  the  side  surface  indicates  that  there  is  more  complicated 
fine  structure  (variation  of  potential  along  the  side  -surface)  than  is  shown  in  the 
figure.-  The  potentials  along  the  wake  surface  fall  off  toward  the  corner.  The  poten- 
tials along  the  front  surface  first  fall  with  radius  and  then  rise  sharply  as  the 
corner  is  approached—  This  may  be  a "corner  effect." 

It  is  shown  by  Parker  (ref.  7)  that  when  the  ion  Mach  number  is  large  (in  the 
ionosphere  and  solar  wind) , the  potential  difference  AV  generated  by  the  flow  should 
be  of  the  order  of  m^v^/2e,  or  0.0052m^(amu)v^(km/s)  in  volts,  where  mi(amu)  and 
v(km/s)  denote  the  ion  mass  in  atomic  mass  units  and  the  flow  velocity  in  kilometers 
per  second,  respectively.  In  the  ionosphere,  with  oxygen  ions  and  orbital  velocities 
of  the  order  of  8 km/s,  AV  is  about  5 V.  Hence  one  would  expect  a relatively  small 
body  in  the  ionosphere,  such  as  a thin  antenna  or  boom  painted  with  nonconducting 
paint,  or  a painted  or  insulated  object  in  the  very  near  wake  of  a spacecraft  (or  the 
spacecraft  surface  itself  if  it  is  a dielectric)  to  become  highly  negatively  charged 
to  potentials  of  the  order  of  volts  in  the  ionosphere. 

In  the  solar  wind  these  results  could  apply  to  an  entire  spacecraft,  since  it  is 
small  in  comparison  with  the  Debye  length.  With  protons  and  solar  wind  velocities  of 
about  400  km/s  or  higher,  AV  is  of  the  order  of  kV.  This  means  that  one  may  have 
kilovolt  potential  differences  between  the  wake  and  front  surfaces.  The  electric 
fields  due  to  this  differential  charging  may  significantly  disturb  measurements  of 
space  electric  fields,  or  of  low-energy  plasma  electrons,  for  example,  on  the  Helios 
spacecraft  (ref.  6).  Moreover,  because  of  this  solar  wind  flow  effect,  small  natural 
” bodies  in  the  solar  system  (i.e.,  bodies  not  large  in  comparison  with  the  Debye 
length  or  ion  gyroradius)  may  be  expected  to  become  differentially  charged  with  poten- 
tial differences  of  the  order  of  1 kV,  independent  of  whether  there  is  photoemission 
or  not.  Candidates  for  this  effect  include  micrometeroids , dust,  asteroids,  the 
planet  Pluto,  and  natural  small  satellites  such  as  Mars'  moon  Deimos  and  Saturn's  ring 
material  when  they  are  outside  the  bow  shock  (M.  Dryer,  personal  communication,  1978). 

For  large  bodies  in  flowing  plasmas,  space  charge  cannot  be  neglected.  The  wakes 
and  differential  charging  of  very  large  bodies  are  treated  in  the  following  section. 
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Wake  Structure  and.  Differential  Charging  of  Very  Large 
Nonconducting  Bodies-  in-  LEO  Plasma  Flows : Recent-Results 


There  is  considerable  interest  in  the  charging  and  electric  fields  of  the  Shuttle 
Orbiter.  This  is  an  important  example  ora  very  large  spacecraft  in  Low  Earth  Orbit 
(inverse  Debye- number  about  10^ ) with  most  of  its  surface  (about  97%)  nonconducting. 
Only  the  small  area  in  the  vicinity  of  the  engines  is  conducting  and  electrically 
grounded  to  the  main  frame.  Figures  5a  and  5b  indicate  how  the  Orbiter  may  be  sub- 
jected to  different  types  of  differential  charging  depending  on.  its  orientation  with 
respect  to  the  plasma- flow  direction.  In  figure  5a,  the  Orbiter- is  moving  "nose- 
forward,  ” i.e..  heading  into  the  flow.  The  wake-point  potential  (location  indicated 
by  a cross)  occurs  essentially  in  the  engine  area,  and  thus  defines  also  the  Orbiter's 
ground  potential.  The  rest  of  the  spacecraft  surface  is  electrically  isolated  and 
has  in  general  a different  potential  distribution.  The  cargo  bay  area  is  a "side" 
region  according  to  the  terminology  of  the  previous  section.  In  figure  5b  the 
Orbiter  is  moving  "belly- forward."  With  this  orientation  the  wake-point  potential 
occurs  in  the  cargo  bay  area*  which  is  electrically  isolated  from  the  Orbiter  ground. 
The  ground  is  defined  by  a different  potential  attained  by  the  engine  area.  In  the 
shown- orientation,  the  engine  area  is  a "side"  region. 


Hence,  the  maximum  negative  ground  potential  of  the  Orbiter  would  occur  when  the 
Orbiter  is  in  the  nose-forward  orientation,  while  the  cargo-bay  potential  would  be 
intermediate  between  this  and  the  plasma  potential.  With  the  belly- forward  orienta- 
tion, the  roles  of  ground  potential  and  cargo-bay  potential  would  be  reversed,  with 
the  cargo  bay  at  maximum  negative  potential,  and  Orbiter  ground  at  intermediate 
potential. 


In  the  present  paper  the  wake  structure  and  the  wake-point  potential  of  a very 
large  nonconducting  body  in  LEO  such  as  the  Orbiter  are  calculated- using  certain 
approximations  - The  geometry  is  modeled  by  a circular  cylinder  as  illustrated  in 
figure  6.  The  wake  point  is  the  isolated  area  indicated  by  a cross  in  the  figure. 
Again,  because  of  computational  expense,  we  use  the  neutral  approximation,  but  only 
for  ion  space  charge.  However,  the  differential  charging,  e.g.  the  wake-point  poten- 
tial, is  calculated  rigorously  by  current  balance  using  Inside-Out-Method  trajectories 
(refs.  7-8),  for  both  ions  and  electrons,  in  the  resulting  electric  field  distribution. 

For  a nonconducting  body  of  any  size,  current  balance  at  the  wake  point  results 
in  significant  negative  wake-surface  potentials.  (Nonconducting  bodies  were  not 
treated  by  Kiel  et  al.)  Figures  7a  and  7b  show  results  for  inverse  Debye  number  10^, 
and  Mach  numbers  2,  5 and  8.  There  is  no  potential  minimum.  Instead  the  wake  point 
attains  the  highest  negative  potential,  resulting  in  a monotonic  rather  than  non- 
monotonic potential  profile  in  the  wake.  Figure  7a  shows  how  the  wake-point  poten- 
tial increases  with  increasing  Mach  number,  for  a fixed  inverse  Debye  number  = 10^. 

The  wake-point  potential  magnitude  is  about  8,  20  and  36  kT/e,  respectively,  for  Mach 
numbers  2,  '5  and  8.  Figure  7b  shows  equipotential  contours  for  Mach  number  = 8 and 
inverse  Debye  number  = 105.  These  contours  (nonconducting  body)  may  be  compared  with 
those  of  a large  conducting  body  with  the  same  parameters  (fig.  3c). 

Table  1 shows  how  the  wake  surface  potential  of  a nonconducting  large  body 
varies  with  Mach  number  and  inverse  Debye  number.  Evidently,  the  wake  surface  poten- 
tial is  insensitive  to  inverse  Debye  number.  The  table  also  gives  the  values  of  the 
dimensionless  current  density  (equal  of  course  for  ions  and  electrons)  at  the  wake 
surface.  For  comparison,  also  shown  are  the  ion  currents  that  would  result  from 
using  the  neutral  approximation  to  calculate  currents  (see  ref.  7).  These  are  seen 


to  be  many  orders  of  magnitude  smaller  than  the  more  realistic  currents  calculated 
using  ion  trajectories  affected  by  the  field. 

For  large  nonconducting  bodies  in  high-Mach-number  flows,  the  wake-to-front 
potential  difference  generated  by  the  flow  is  less  than  but  of  the  order  of  the 
potential-equivalent  of  the  ion  drift  energy-  This  result  is  similar  to  that 
obtained  above  for  the  ease  of  a small  nonconducting  body. 

Finally,  we  illustrate  in  figures  8a,  8b  and  8c  examples  of  intricate  3-D  large- 
body  geometries  of  aerospace  interest  (including  the  Grbiter)  for  which  a wake- 
modeling capability  will  be  achieved  using  techniques  presently  under  development  at 
Lee  W.  Parker,  Inc-. 
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(a)  M=4 , 

Figure  1.  - Urge-body  wake  profiles.  Conducting  disk  with  4 kT/e  surface 
potential . 
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denote  ion  current  observation  points  j.X'.s  denote  numerical  grid  points 
at  which  densities  are  calculated.) 


(b)  Measured  angular  profile  on  AE-C  satellite  (large  body;  162  Debye  lengths) 
coniDered  with  neutral-approximation  theory  (iteration  zero)  and  self- 
consistent  theory  ('  eration  15). 

Figure  2.  - Geometry  of  AE-C  ion  measurements. 


246 


(a)  Variation  with  inverse  Debye  number 
at  fixed  Mach  number  * 8. 


(b)  Variation  with  Mach  number,  at  fixed 
inverse  Debye  number  = 105. 


(C)  Equipotential  contours.  Mach  number  = 8.  Inverse  Debye 
number  = 10^.  (The  point  marked  "x"  is  the  position  of 
peak  potential  = 19;  dimensions  in  units  of  spacecraft  radius.) 


cigure  3.  - Wake  potential  profiles  (dimensionless  potential)  ar.d  equi- 
potential contours  in  wake  of  conducting  cylinder  with  3 kT/e  surface 
potential.  $ = potential  in  units  of  kT/e;  r = downstream  distance  in 
units  of  spacecraft  radius. 
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Figure  4.  - Differential  charging  of  nonconducting  spacecraft  in  plasma  flow  at 
Mach  4.  No  space  charge. 


MANE  BOUNDARY 


GROUND 

POTENTIAL 

(a)  Nose-forward  orientation. 

(b)  Belly-forward  orientation. 

Figure  5.  - Shuttle  orbiter  in  LEO  plasma  flow,  indicating  wake  points  and 
orbiter  ground  potential  points.  Very  large  nonconducting  body. 
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Figure  6.  - Very  large  nonconducting  cylinder  model  of  shuttle  orbiter  in  LEO 
plasma  f low,_jndicating  wake  point. 
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(a)  Variation  with  Mach— number  at  fixed  inverse  Debye  number  of  10^. 


(b)  Equipotential  contours  (dimensionless  potential)  in  wake  of  nonconducting 
cylinder.  Surface  potential  distribution  from  3 to  36.2,  in  units  of 
kT/e,  determined  by  pointwise  current  balance.  Mach  number  = 8.  Inverse 
Debye  number  * 10  . (Dimensions  in  units  of  spacecraft  radius). 

Figure  7,  - Wake  potential  profiles  (dimensionless  potential  and  equipotential 
contours  in  wake  of  nonconducting  cylinder.  $ * potential  in  units  of 
kT/e;  r » downstream  distance  in  units  of  spacecraft  radius. 
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(a)  Shuttle-orbiter  model 


(b)  C-130  Hercules  aircraft  model. 

Figure  8.  - Three-dimensional  computer  models  constructed  of  quadrilateral 
patches. 
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(c)  Starship  Enterprise  model. 
Figure  8.  - Concluded. 
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SHEATH  IONIZATION  MODEL  Of  BEAM  EMISSIONS  FROM  LARGE  SPACECRAFT 
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Manscom  Air  Force  Base,  Massachusetts  QU31 


K.  H.  Bhavnani  and  W.  Taut2 
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An  analytical  model  of  the  charging  of  a spacecraft  emitting  electron  and 
Ion  beams  has  been  applied  to  the  case  of  large  spacecraft.  In  this  model. 
Ionization  occurs  In  the  sheath  due  to  the  return  current.  Charge  neutraliza- 
tion of  spherical  space  charge  flow  Is  examined  by  solving  analytical  equations 
numerically.  Parametric  studies  of  potential  of  large  spacecraft  are  performed. 
As  In  the  case  of  small  spacecraft,  the  Ions  created  In  the  sheath  by  the 
returning  current  play  a large  role  In  determining  spacecraft  potential. 


INTRODUCTION 

The  potential  difference  created  between  spacecraf t-ground-  and-  the  ambient 
plasma  during  the  ejection  ot  a beam  of  electrons  from  a sounding  rocket  pay- 
load-  In  the  ionosphere  (ref.  1)  has-  been  found  to  be  much  less  than  had  origi- 
nally been  theoretically  predicted  (ref.  2).  To  determine  the  reasons  for 
this  limited  potential  difference,  large-vacuum-chamber  tests  were  conducted 
In  which  electron  and  Ion  currents  were  ejected  from  a payload  Into  a simulated 
Ionosphere. 

As  a plausible  explanation  to  the  observed  current  voltage  behavior, 
sheath  Ionization  models-(refs.  3,4)  for  small  spacecraft  have  been  studied. 
When  an  electron  beam  is  emitted  from  a spacecraft,  ambient  electrons  are 
attracted  by  the  charged  spacecraft  (ref.  5).  They  collide  with  the  neutral 
atmospheric  molecules  In  their  paths  and  may  be  energetic  enough  to  Ionize  the 
neutrals  to  form  new  electrons- and  Ions  (ref.  6).  These  newly  created  charges 
alter  the  space  charge  current  arriving,  at  the  spacecraft- and  shift  the  poten- 
tial to  a lower  value.  The  beam  electrons  are  assumed  to  be  energetic  enough 
to  leave  the  spacecraft  completely  and  to  play  a negligible  role  In  the  Ioniza- 
tion. This  mechanism  Is  capable  of  explaining  the  nonmonotonic  current-voltage 
behavior  observed. 

In  this  paper,  we  apply  the  sheath  Ionization  model  to  large  spacecraft 
In  the  Ionosphere.  In  particular,  it  Is  Important  to  find  out  whether  the 
nonmonotonic  current-voltage  behavior  during  electron  beam  emissions  would 
still  be  present  for  large  spacecraft.  Details  of  the  method  are  given  and 
followed  by  a discussion  of  results. 
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SYMBOLS 


e electron  charge 

t electric  field 

I.  beam  current 

b — 

ro  mass. of  electron 

e 

m^  mass  of  ton 

n^  density  of  ambient- electrons 

n*  density,  of  Ionization  Ions 

n"  density  of  Ionization  electrons  - - 

P probability  of  Ionization  — 

R — radius  of  spacecraft 

r radial- position -measured  from  center  of  spacecraft 

r1  radial  position  used  as. Integration  variable 

rQ  radius  of  sheath  measured  from  center  of  spacecraft 

v velocity  of  an  elec  ron  In  sheath 

vth  thermal  velocity  of  ambient  electron 

v$  sweep  velocity 

c permittivity  of  space 

0 

\ mean  free  path  of  electron  neutral  collision 

p space  charge  density 

$ electric  potential 


MATHEMATICAL  FORMULATION 

The  method  of  approach  used  Is  to  study  an  analytical  "plasma  probe"  model 
(refs.  3, 4, 7,8),  with  space  charge  flow  of  electrons  accelerating  through  the 
sheath  surrounding  a spherical  "probe,"  which  represents  a spacecraft  In  an 
lonlzable  plasma  environment.  Magnetic  field  effect  Is  Ignored  In  this  model. 

The  beam  Is  assumed  to  be  energetic  enough  to  leave  the  spacecraft  com- 
pletely and  Is  not  stopped-  by  its  own  space  charge  at  all.  As  the  beam  elec- 
trons leave,  the  spacecraft  becomes  charged  oppositely.  A polarization  region 
(sheath)  Is  formed  In  the  vicinity  of  the  spacecraft.  In  our  model.  Ions  are 
assumed  to  be  depleted  due  to  charge  repulsion  Inside  the  sheath  (fig.  1). 

The  depletion  radius  r0  will  be  defined  by  the  balance  of  the  outgoing 
beam  current  with  the  Incoming  ambient  current.  For  a beam  current  Ib,  the 
depletion  radius  r0  Is  determined  by 

Ib  = 4trr§neevtb  (1) 

where  v^b  Is  the  thermal  velocity  and  ne  Is  the  number  density  of 
ambient  electrons.  Some  typical  values  of  sheath  radius  as  calculated  by  means 
of  equation  (1)  are  shown  In  figure  2. 
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The  potential  $ at  any  point  Inside  the  sheath  Is  governed  by 
Poisson's  equation: 


V2*  = - (2) 

60 

where  p Is  the  space  charge  density  and  c0  Is  the  permittivity  of  empty 
space. 


Spherical  Symmetric  System 

To  simplify  the  geometry,  we  assume  spherical  symmetry  In  the  spacecraft 
and  sheath  system.  Equation  (2)  becomes  simply  a radial  equation: 


1_  a_  (r2  . fit 

r2  ar  y ar  J - “ c 


fiixl 
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(3) 


of  the  potential  <t>  gives  the  electric  field  E: 


3d>(  r 1 
ar 


- - E(r) 


(4) 


Talcing  Into  account  the  electron  and  Ion  pairs,  created  as  a result  of  Ioniza- 
tion, the  charge  density  p at  any  point  r In  the  sheattv  Is  given  by  the 
sum  of  charge  densities  (fig.  1): 

*'r)  = e (n+(r)  - n~( r)  - ne(r)]  CSX 

where  ne  is  the  return  current  (primary)  electron  density  and  nf  and 
n-  are  the  Ionization  Ion  and  electron  densities,  respectively,  due  to 
return  current  electron  collisions  with  neutrals. 

The  Ionization  electron-density  n~(r)  Is  due  to  all  Ionizations  that 
occur  outwar-d  of  r,  and  the  density  n*(r)  of  Ions  at  r Is  due  to  all 
Ionizations  that  occur  Inward  of  r.  Thus 
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where 


(8) 


Numerical -Method 

TO  solve  the  system  of  equations  (3)  to  (8),  one  divides  the  space  of  the 
sheath  Into  N.  concentric  shells  and  sets  up  N equations  for  the-  N unknowns 
<t»i  (fig.  4).  In  view  of  the  complexity  of  the  Ionization  terms  in  equations 
(6)  and  (7),  It  Is  Impossible  to  solve  these  equations  exactly.  Instead,  one 
seeks  the  approximate  solutions  that  minimize  a function  F,  the  mean  square 
of  f^,  constructed  from  the  radial  Poisson  equation  (eq.  (3))  for  the  1th 
cell,  where  1*1 JL 

>1  ar  (9) 

J' 

where  the  electric  field  E (eq.  (4))  is  constructed  In  a finite  difference 
scheme-: 


ar(E1  + 2EU1  ♦ EU2)  (10) 
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The  numerical  method  used  to  solve  equations  (8)  to  (10)  Is  the  standard 
Newton-Raphson  method  of  Iteration: 
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A set  of  trial  solutions  Is  used  to  start  In  the  Newton-Raphson  Iteration 
process,  and  a convergent  set  of  solutions  IS  sought  for  each  set  of  Input 
parameters  such  as  beam  current,  ambient  electron  density,  ambient  electron 
temperature,  mean  free  path,  and  spasecraft  radius. 


RESULTS  AND  DISCUSSION 

Figure  5 shows  the  computed  results  of  spacecraft  potential  as  a function 
of  electron  beam  current  for  various  electron  densities,  electron  temperatures, 
and  mean  free  paths.  The  nonmonotonic  behavior  of  potential  current  curves 
shows  up.  At  low  currents,  the  potential  Increases  with  beam  current.  When 
the  current  Increases  further,  Ionization  occurs  Inside  the  sheath.  The 
potential  then  turns  around -as  the  current  of  the  electron  beam  Increases. 

The  Ion  and  electron  charges  created  by  Ionization  alter  the  behavior  of 
the  space  charge  flow,  originally  governed  by  the  single  charged  Poisson  equa- 
tion. The  potential  turns  to  a lower  value  and  stays  approximately  constant 
as  current  further  Increases. 
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At  this  stage,  the  potential  profile  as  a function  of  radial  distance 
shows  locally  f-lat  gradient.  This  Is  due  to  Ions  created  Inside  the  sheath 
not  being  able  to  move  out  quickly  because  of  their  heavy  masses.  If  a local 
Ion  charge  buildup  forms  a potential  hump.  Ion  motion  would  be  two  ways,  and 
the  theory,  would  then  break  down. 


To  overcome  this  dlff lenity,  a sweep  velocity  vs  Is  added  to  the  Ions. 
Equation  (7)  becomes 
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It  Is  argued  that  the  motion  of  a spacecraft  relative  to  Us  plasma  envi- 
ronment can  provide  such  a sweep  velocity  vs  (eq.  (12)).  The  value  of 
vs  Is  of  the  order  of  spacecraft  velocity  and  Is  an  arbitrary  Input  to  the 
computation.  However,  at  a higher  Current,  a potential  hump  again  shows  up, 
and  the  computation  falls  to  converge.  The  technique  breaks  down.  It  Is  con- 
jectured that  two-way  space  charge  flows  should  be  accommodated  when  a poten- 
tial hump  appears. 


For  Increasing  spacecraft  radii,  the  nonmonotonic  current-voltage  behavior 
still  persists  (fig.  6).  However,  Increased  spacecraft  radius  lowers  the 
maximum  spacecraft  potential  Induced  by  beam  emission.  Also,  the  amplitude  of 
the  difference  between  the  maximum  potential  and  the  minimum  (beyond  the  turn- 
around) diminishes.  Figure  7 shows  a plot  of  the  envelope  of  maximum  and 
minimum  potentials  for  various  spacecraft  radii. 

For  a given  beam  current  1^  (eq.  (1)),  the  sheath  surface  area  remains 
constant  and  Is  unaffected  by  the  Increase  In  spacecraft  radius.  The  sheath 
thickness  (defined  as  the  sheath  radius  minus  the  spacecraft  ndles),  however, 
diminishes.  As  a result,  a lower  spacecraft  potential  Is  sufficient  to  attract 
ambient  electrons,  through  the  sheath,  for  the-compensatlon  of  electron  beam 
current  leaving  the  spacecraft. 

Beyond  the  turnaround  point  In  a current-potential  curve,  the  minimum 
potential  Is  limited  by  the  minimum  energy  required  to  Ionize  a neutral  mole- 
cule In  the  atmosphere.  Since  such  a minimum  energy  Is  generally  of  the  order 
of  20  eV  (ref.  6),  the  minimum  potential  In  a current-potential  curve  Is 
expected  to  approach  about  20  eV  asymptotically,  depending  on  the  model  of 
Ionization  used.  For  the  same  reason,  If  the  maximum  potential  Induced  by 
beam  emissions  is  below  about  20  eV,  no  nonmonotonic  behavior  Is  expected. 


Figure  7 shows  the  calculated  envelopes  of  the  maximum  and  minimum  (beyond 
turnaround)  potentials  for  various  Spacecraft  radii  In- a given  ambient  environ- 
ment. The  amount  of  Ionization  becomes  very  small  as  the  sheath  potential 
approaches  the  minimum  ionization  potential.  The  amplitude  of  the  potential 
drop  beyond  the  turnaround  also  approaches  the  value  of  minimum  ionization 
energy. 

There  Is  another  critical  beam  current,  which  manifests  Itself  for  large 
spacecraft,  but  not  for  small  ones.  This  current  Is  determined  by  equating 
the  sheath  radius  to  the  spacecraft  radius.  If  the  sheath  radius  Is  too  small, 
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the  spacecraft  will  receive  enough  ambient  electrons  to  compensate  beam  emis- 
sions without  being  charged  up.  The  potential  of  the  spacecraft  Is  that  of 
natural  charging,  In  this  case.  Beyond  this  critical  current,  the  beam  emis- 
sion Is  able  to  swing  the  spacecraft  to  an  opposite  potential  and  hence  control 
the  charging  of  the- spacecraft.  This  phenomenon  shows-up  In  the-ealculatlons 
(fig.  6). 

In  the  model  studied,  as  the  radius  of  a spacecraft  Increases,  three 
regimes  of  physical  behavior  can  be  Identified,  figure  B shows  these  regimes 
clearly.  The  potentlal-versus-spacecraft- radius  curve  IS  relatively  flat  In 
the  small  radius  regime.  This  Is  the  regime  In  which  saturated  Ionization 
occurs  (l.e.,  this  Is  the  regime  beyond  the  minimum  potential  In  a current- 
voltage  curve).  The  second  regime  Is  characterized  by  the  presence  of  the 
potential  maximum,  which  Is  the  main  feature  of  nonmonotonic  behavior.  The 
third  regime  occurs  when  the  spacecraft  Is  so  large  that  Its  radius  exceeds 
the  sheath  radius  (measured  from  the  spacecraft  center)  for  a given  current. 

The  beam  loses  Its  control  of  the  spacecraft  potential  and  natural  charging 
dominates. 
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Figure  1.  - Sheath  formation  during  beam  emission. 
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Figure  2.  - Parametric  dependence  of  sheath  size. 


Figure  3.  - Ionization  pair  - creation  in  sheath. 


Figure  4.  - Decomposition  of  sheath  into  shells. 
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POTENTIAL  PROFILE 
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fig.  7. 
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Figure  7.  - Envelope  of  potential  extrema  in  fig.  6. 


Figure  8.  - Nonmonotonic  behavior  of  spacecraft  potential  as  a function  of 
spacecraft  radius,  for  a given  electron  beam  current. 
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INTERACTIONS  BETWEEN  LARGE  SPACE  POWER  SYSTEMS  ANO  LOW-EARTH-ORBIT  PLASMAS 


N.  John  Stevens 
Hughes  Aircraft  Company 
El  Segundo,  California 


There  is  a growing  tendency  to  plan  space  missions  that  will  Incorporate 
very  large  space  power  systems.  These  space  power  systems  must  function  In  the 
space  plasma  environment,  which  can  Impose  operational,  limitations.  As  the 
power  output  Increases,  the  operating  voltage  also  must  Increase  and  this  volt- 
age, exposed  at  solar  array  Interconnects,  Interacts  with  the. local  plasma. 

The  implications  of  such  Interactions  are  considered  herein.  The  available 
laboratory  data  for  biased-array  segment  tests  are  reviewed  to  demonstrate  the 
basic  Interactions  considered.  A data  set  for  a floating  high-voltage  array 
test  was  used  to  generate  approximate  relationships  for  positive  and  negative 
current  collection  from  plasmas.  These  relationships  were  applied  to  a hypo- 
thetical 100-kW  power  system  operating  In  a 400-km,  near-equatorial  orbit.  It 
was  found  that  discharges  from  the  negative  regions  of  the  array  are  the  most 
probable  limiting  factor  In  array  operation. 


INTRODUCTION  - 


For  the  past  several  years  NASA  has  been  conducting  mission-planning 
studies  calling  for  extremely  large  satellites  to  be  placed  in  low  Earth  orbits. 
by  the  space  shuttle. Because  the.  planners  were  freed  from  the  constraints 
Imposed  by  expendable  launch  vehicle  shrouds,  satellite  dimensions  grew  to  tens 
of  meters  and  power  generation  requirements  rose  to  hundreds  of  kilowatts. 

Now  that  the  Space  Transportation  System  (l.e.,  shuttle)  Is  operational, 
there  Is  an.  effort  under  way  to  place  such  a large  structure  In  orbit  In  the 
near  future.  The  projected  system  could- be  a manned  space  platform  capable  of 
conducting  Earth-oriented  studies,  space  science  Investigations,  or  space  manu- 
facturing experiments.  Although  the  mission  Is  not  finalized.  It  could  Involve 
an  expandable  platform  - Initially  a simplified  station  that  can  be  expanded  In 
the  future.  The  platform  would  probably  be  placed  In  an  orbit  similar  to. 
Skylab's  (400  to  500  km)  so  that  It  could  be  serviced  by  the  shuttle  and  yet  be 
high  enough  to  minimize  reboost  cost  and  have  an  adequate  mission  life.  Array 
power  requirements  are  postulated  as-belhg  between  SO  and  100  kW. 

The  generation  of  large  power  levels  requires  very  large  solar  arrays 
since  the  nominal  power  density  Is  of  the  order  of  100  W/m2.  Hence  a 50-kW 
array  would  require  an  area  of  500  m2.  This  area  Implies  long  cabling  to  bring 
power  to  the  user.  If  the  system  were  operated  at  a nominal  voltage  of  30  to 
60  V,  currents  of  the  order  of  1000  A would  be  required.  Currents  of  this 
magnitude  can  produce  either  significant  cable  harness  losses  (I2R)  or  unac- 
ceptable Increases  In  weight  If  the  cable  loss  Is  reduced  by  using  thicker 
cross-sectional  areas.5  In  addition,  large  currents  flowing  In  the  array  can 
generate  magnetic  fields  that  can  Interact  with  the  Earth's.  This  Increases 
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both  the  drag  on  the  system  and  reboost  cast.  The  alternative  It  to  Increase 
the  operating  voltages  and  thereby  reduce  currents.  However,  to  date,  the 
largest  operating  voltage  used  In- space  was-  the  100  M used  for  relatively  short 
periods  In  Skylab.6  For  this  new-space  platform,  operating  voltages  of  200  to 
1000  V are  being  considered.  The  operation  of  power  systems  at  hlgh-Voltages- 
can  give  rise  to  InteraCtlons-Wlth  the  space  plasma  environment  that  must  be 
considered  in  designing  these  systems.-. 

The  Interactions,  of  concern  are  Illustrated.  In  the  high-voltage  space 
power  system  shown  In  Figure  1.  This  system  consists  of  two  large  solar  array 
wings  surrounding  a central  body  or  spacecraft.  The  solar  arrays  are  assumed 
to  be  assembled  by  standard  construction,  techniques.  This  means  that  the  cover 
slides  do  not  completely  shield  the  metallic  Interconnects  from  the  environ- 
ment. These  cell  Interconnects  are  at  various  voltages  depending  on  their 
location  In  the  array  circuits.  Hence  the  Interconnects  can  act  as  plasma 
probes  and  attract  or  repel  1 charqed  particles.  At  some  location  on  the  array 
the  generated- voltages  will  be  equal  ta  the  space  plasma  potential.  Since  the 
electrons  are  more  mobile  than,  the  Ions,  the  array  will  float  at  voltages  that 
are  mostly  negative  with  respect  to  space  plasma  potentials  Cell  Interconnects 
at  voltages  above  this  space  plasma  potential  will  collect  electrons;  those  at 
voltages  below  this  space  plasma  potential  will  collect  Ions.  The  voltage 
distribution  In  the  interconnects  relative  to  the  space  plasma  potential  must 
be  such  that  these  electron  and  Ion  currents  are  equal  (l.e.,  the  net  current 
collected-  Is-zero)  J 

This  flow  of  particles  can  be  considered  to  be  a current  loop  through 
space  that  Is  In  parallel  with  the  operational  system  and  hence  Is  a power 
loss..  In  addition,  the  cover-glass  used  on  the  solar  cells  must  also  have  a- 
zero  net  current  collection.  This  Interaction  with  the  space  plasma  forces 
the  cover  glass  to  a small  negative  potential  and  can  produce  large  voltage 
gradients  In  the  gap  region  between  solar  cells.  This  can  give  rise  to  arcing 
conditions  or  transient  breakdowns  to  space. 

The  severity  of  these  plasma  Interactions  depends  on  the  array  operating 
voltages  and  the  charged-particle  environments.  The  operating  voltage  will  be 
determined  from  power  system  studies  but  will  probably  be  less  than  1000  V. 

The  charged-particle  environment  Is  determined -by  the  orbital  altitude 
(Fig.  2).  At  the  projected  operating  voltages  only  the  low-energy  or  thermal 
plasma  environment  should  be  of  concern  since  the  array  voltage  Is  too  low  to 
Influence  the  higher  energy  environmental  particles.  This  plasma  environment 
has  particles  with  temperatures  of  about  1 eV  and  densities  that  vary  from  a 
maximum  of  about  3x106  cm-3  at  300  km  to  between  1 and  10  cm-3  at  geosynchro- 
nous altitudes.  Hence  plasma  Interactions  should  be  more  severe  at  the  lower 
altitudes  than  at  synchronous  altitude. 

These  possible  Interactions  between  space  power  systems  and  plasma  envi- 
ronments have  been  discussed  elsewhere  In  general  terms.  In  this  paper  the 
basic  phenomena  are  reviewed  antLapplI cation  to  a space  power  system  Is 
discussed. 
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REVIEW  OF  BIAS  E O-ARRAY  TESTS 

Tests  of  small  segments  of  solar  arrays  biased  by  laboratory  power  sup* 
plies  while  exposed  to  simulated  plasmas  In.  vacuum  facilities  have  been  con- 
ducted over  the  past  10  years.8-1®  A test  of  a similar  nature  has  been 
conducted  In  space.11  Regardless  of  the  size  of  the  array  segment  (from 
IQQ-cm2  to  13  600-em2  areas  have  been  tested)  the  results  are  quite  similar.. 

In  this  section  the  test  procedure  and  the  pertinent  results  are  summarized. 

Such  plasma  Interaction  tests  are  typically  conducted  In  an  experimental 
arrangement  shown  schematically  In  Figure  3(a).  The  vacuum  chamber  is  capable 
of  pumping  to  background  pressures  of  1Q~8  torr  or  less.  The  plasma  environ- 
ment Is  created  by  Ionizing  a gas  (e.g.,  nitrogen,  argon,  or  helium).  The 
plasma,  parameters  (plasma  number  density  and  particle  temperature)  are  usually 
determined  with  either  cylindrical  or  spherical  Langmuir  probes.  The  solar 
array  segment  (Fig.  3(b))  Is  mounted  In  the  chamber  and  Is  electrically  Iso- 
lated from  the  tank  ground.  A high-voltage  power  supply  Is  connected  to  one 
or  both -ends  of  the  array  through  an  isolated  feedthrough  In  the  tank  wall.  A 
current-sensing  Instrument  Is  placed  between  the  power  supply  and  the  test 
sample  to  measure  any  coupling  current  between  the  segment  and  the  tank  ground 
through  the  plasma  environment.  This  lead  Is  shielded  to  minimize  extraneous 
currents.  A surface  voltage  probe  (such  as  that  manufactured  by  TREK)  Is  used 
to  sense  the  voltage  on  the  array  during  the  test.  Hence  a surface  voltage 
profile  and  a leakage  current  measurement  are  obtained  as  functions  of  applied 
positive  or  negative,  voltage  for  a given  plasma  environment.  If  should  be 
pointed  out  that  the  tank  ground  Is  not  the  plasma  potential.  This  plasma 
potential  Is  determined  from  the  probe  readings  and  must  be  added  to,  or  sub- 
tracted from,  the  applied  bias  voltage  In  order  to  Interpret  the  test  data. 

It  Is  very  Important  to  make  this  correction  at  low  b1as_voltages  since  the 
plasma  potential  can  be  In  the  range  ±20  V.— 

Typical  results  for  a 100-cm2  solar  array  segment  biased  positively  and 
negatively  are  shown  In  Figures  4(a)  and  (b).14  In  the  positive  bias  volt- 
age case  (Fig.  4(a))  the  current  collection  starts  at  relatively  low  current 
values  and  Increases  slowly  until- a bias  of  about  100  V Is  reached.  At  this 
point  there  Is  a marked  Increase  In  current  collection  (by  orders  of  magni- 
tude). Above  about  250  V the  current  tends  to  Increase  linearly  with  volt- 
age. The  surface  voltage  probe  traces  give  an  Indication  as  to  why  this 
behavior  occurs:  At  the  low  applied  biases  the  voltage  Is  confined  to  the  gap 
region  between  the  cells.  The  cover  glass  maintains  Its  required  zero  current 
balance  with  the  plasma  by  a slightly  negative  surface  voltage.  The  super- 
position of  the  fields  resulting  from  these  voltages  shields  the  bias  voltage 
from  the  plasma.  At  biases  greater  than  100  V,  the  shielding  appears  to  break 
down.-  The  bias  field  now  Is  stronger  and  starts  to  encompass  the  cover 
glass.  This  accelerates  electrons  from  the  plasma  Into  the  cover  glass  and 
creates  secondary-emitted  electrons.  The  surface  voltage  must  now  change  to 
maintain  a zero  current  balance  at  the  glass  surface.  This  surface  voltage 
assumes  a value  that  Is  about  50  V less  than  the  bias  voltage.  Hence  at  this 
transition,  called  "snapover,"18  .ne  collecting  area  Is  Increased  to  the 
full  segment  area,  and  this  Increase  changes  the  coupling  currents.  The  data 
can  be  modeled  empirically  as  cylindrical  probe  collection  at  positive  bias 
voltages  up  to  100  V and  as  spherical  probe  collection  (with  the  bias  reduced 
by  100  V)  at  positive  voltages  greater  than  100  V.18 
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Far  negative  bias  voltages  (Fig.  4(b))  the  data  Indicate  that  the  coup- 
ling current  Increases  slowly  and  then  transits  Into  an  arc  or  breakdown, 
which  Is  signified  by  a rapid  rise  In  current  that  trips-  off  the  laboratory 
power  supply..  Since  the  supply  Is  also  used  to  bias  metallic  probes  without 
breakdowns,  It  must  be  assumed  that  the  arcing  results  from  the  Interaction 
between  the  negatively  biased  conductor  (cell  interconnects),  the  dielectrics 
(cover  slides),  and  the  plasma  environment.  The  surface  voltage  probe  traces 
Indicate  that  the  gap  region  between  cells  Is  the  probable  cause  for-  the 
breakdown.  As  the  bias  voltage  Is  made  more  and  more  negative,  the  fields 
resulting  from  the  cover,  glass  voltage  confine  the  bias  field  to  this  limited 
area.  It  Is  known  that  a negative  conductor  confined  by  a less  negative 
dielectric  is  prone  to  breakdown  and  this  appears  to  be  happening  here. 

Both  the  positive  and  negative  bias  voltage  effects  described  above  are 
plasma-density-dependent  phenomena.  For  the  positive  bias  voltage  cases  both 
the  low-  and  high-voltage  collection  changes  In  direct  proportion  to  the  den- 
sity.11 However,  the  transition  remains  at  about  100  V.  The  only  condi- 
tion that  seems  to  Influence  the  transition  appears  to  be  the  relative  areas  of 
the  segment  and  Its  dielectric  and  conductive  boundaries.  The  data  obtained  In 
support  of  the  PIX  flight  seemed  to  Indicate  a higher  transition  voltage17 
probably  because  of  the  use  of  a small  segment  mounted  on  a large  plate.  The 

negative  bias- breakdown  thresholds  as  a function  of  plasma  density  are  shown. 

In  Figure  5.  At  the  peak  space  plasma  density  environment  (about  300-km 
altitude),  this  breakdown  value  Is  uncomfortably  low  (about  300  V negative 
relative  to  the  space  plasma  potential). 

The  phenomena-  described  above  seem  to  occur  Independently  of  the  Inter- 
connect configuration  and  array  size.  Both  the  standard  Interconnect  configu- 
ration, and  wraparound,  configurations  have  been  tested.  Array  sizes  of  100  to 
13  600  cm?  gave  similar  results.  The  higher  positive  bias  voltage  results 
for  the  larger  panels  can  be  questioned,  however,  since  the  tank  walls  can- 
Interact  with  bias  voltages heaths  and  distort  the  results. 


REVIEW  OF  FLOATING-ARRAY  TESTS 

Although  the  phenomena  of  plasma  Interactions  with  high-voltage  solar 
arrays  can  be  studied  on  small  segments  with  bias  voltages  provided  by  exter- 
nal power  supplies,  tests  must  be  run  with  self -generated  voltages  In  order  to 
validate  the  concepts  developed.  Unfortunately  there  have  been  relatively  few 
such  tests  primarily  because  of  the  large  array  required  to  generate  the  high 
voltages  needed  and  the  subsequent  large  facility  (with  large  solar  simula- 
tors) required  to  obtain  Interaction  data  without  wall  effects.  Even  the 
small  amount  of  data  available  Is  Incomplete. 

A nine-panel  array  Is  shown  in  Figure  6.  This  array  was  made  up  of  sur- 
plus flight  solar  array  panels  with  no  attempt  to  match  panel  characteris- 
tics. Seven  panels  (1400  cm2  each)  were  originally  assembled  In  the  late 
1960's  for  the  Space  Electric  Rocket  Test  (SERT-2)  project,  and  two  panels 
(1950  cm2  each)  were  assembled  In  the  early  1970's  for  th?  Space  Plasma 
High-Voltage  Interaction  Experiment  (SPHINX)  project.  This  nine-panel  array 
was  used  In  a series  of  tests  conducted  at  both  the  Johnson  Space  Center  and 
the  lewis  Research  Center  to  evaluate  the  Influence  of  facilities  on  plasma 
interactions.19  Johrson  also  did  a series  of  floating  tests  using  the  solar 
simulator. 
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For  this  paper  the  results  obtained  with  the  nine-solar-panel  array  tn 
the  Johnson  Space  Center  facility^9  are  used  to  provide  a basis  for  predic- 
ting performance  of  large  space  power  systems  In  a space  environment.  Since 
the  panels  were  not  matched  and.  the  solar  simulator  did  not  uniformly  Illumi- 
nate all  nine  panels,  the  results  must  be  viewed- as  an  approximation  to  the 
desired  test  data.  Furthermore  not  alt  of  the  plasma  properties  were 
reported,  so  the  particle  energies  and  the  plasma  potential  In  the  chamber  had 
to  be  approximated. 


The  test  was  run  with  the  array  In  an-open.~circu.lt  condition  but  with  the 
capability  of  measuring  each  panel  voltage  and  the  current  between  panels. 

The  plasma  density  was  2x10*  cm"3.  The  distribution  of  open-circuit  voltages 
per  panel- after  correcting  for  the  assumed  value  of  the  plasma  potential  (10  V) 
Is  shown  In  Figure  7.  The  slope  of  the  voltage  is  not  the  same  for  each  panel 
because  of  the  nonuniformity  of  the  panels.  In  this  configuration  the  array 
open-circuit  voltage  was  about  248  V or  slightly  less  than  the  260  V obtained 
without  the  plasma.  This  Is  either  due  to  a fluctuation  In  the  solar  simulator 
or,  more  probably,  a slight  loading  of  the  array  by  leakage  through  the  plasma. 
As  shown  in  Figure  7 the  array  floats  slightly  positive  and  predominantly  nega- 
tive. This  distribution  was  expected  because  the  electrons  are  more  mobile 
than  the  Ions.  It  Is  Interesting  to  note  that  the  average  value  of  the  posi- 
tive voltage  panel  Is  about  10  percent  of  the  overall  voltage.  This  Is  the 
assumption  usually  made  In  computing  power  system  Interactions  with  plasma 
environments. 

The  following  empirical  approximations  for  current  collection16  were 
used  to  compute  the  coupling  currents: 


where 
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thermal  electron  and  Ion  current  densities,  A/cm2 
Interconnect  area,  cm2 

positive  and  negative  average  panel  voltage  (relative  to  plasma 
potential),  V 

electron- and  Ion  energies  (normalized- to  electronic  charge),  eV 


The  relationships  were  Iterated  until  the  electron  coupling  current  was  approx- 
imately equal  to  the  Ion  current.  The  results  are  shown  In  Figure  8 along  with 
the  measured  values.  The  agreement  Is  reasonable. 


The  agreement  obtained  here  may  be  fortuitous  In  view  of  the  many  approx- 
imations made.  If  the  behavior  of  high-voltage  solar  array  systems  Is  to  be 
understood.  It  Is  mandatory  that  a well-conceived,  complete  set  of  experiments 
be  conducted.  These  experiments  must  Include  bias  voltage  tests  and  self- 
generated voltage  tests  with  the  capability  of  achieving  positive  voltages 
above  the  snapover  condition.  This  would  answer  questions  on  the  negative 
voltage  breakdown  phenomena  as  well. 
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APPLICATION  TO  SPACE-POWER  SYSTEMS 

To  Illustrate  the  effect  of  plasma  Interactions  on  a large,  high-voltage 
space  power  s-ystem,  consider  a IQQ-kW  generator,  made  up  of  10  modules  of  ia  kW 

each,  operating  In  a 400-km,  near-equatorial  Earth  orbit  (Fig.  9).  It  Is 

assumed  that  the  modules  are  connected  electrically  in  parallel  to  avoid  a 
single-point  failure  that  could  occur  with  a series  connection.  Each  of  the 
modules  is  assumed  to  operate  at  a load  voltage  and  a load  current  lL. 

The  TGO-kW-power  output  of  the  system  would-then  be  available  to-the  loads  at 
a voltage  VL  and  current  10  1^. 

Furthermore  each  of  the  modules  Is  asumed  to  be  built  up  from  ten  1-kW 
solar  array  blocks  connected  In  series..  Each  block  would  then  generate  a cur- 

rent IL  at  an  average  voltage  of  0.1  VL.  Approximately  one  block  would 
be  at  a positive  potential  relative  to  the  space  plasma  potential;  the  other 
nine  would  be  negative  (Fig.  9). 

The  plasma  environmental  parameters  for  the  400-km  orbit  are  given  in 
Table  I.*8  The  Implications  that  could  arise  from  the  environmental  measure- 
ments made  on  the  third  shuttle  flight  are  discussed  later  in  tills  section. 

The  plasma  coupling  or  drainage  current  can  be  computed  for  the  10-kW 
module  operating  at  an  average  VL  of  500  V and  producing  an  IL  of  20  A. 

Each  block  would  generate.  1 kW  of  power  at  an  average  voltage  of  50  V.  The 
relationships  derived  In  the  previous  section  are  used  to  compute  the  positive 
and  negative  coupling  currents  for  this  module,  which  Is  assumed  to  be  typical 
for  the  system.  The  results  are  summarized  In  Table  II.  These  results  Indi- 
cate that  the  currents  do  not  balance  and  that  another  Iteration  should  be 
made-  But  the  average  loss,  of  the  order  of  15  mA,  represents  a possible  power 
loss  of  about  0.1  percent.  This.  Is  such  a negligible  loss  that  refining  the 
computations  is  considered  to  be  unwarranted.  This  Is  true  only  when  the 
positive  voltage  stays  below  snapover  conditions  (l.e.,  <100  V). 

What  Is  a concern  Is  whether  the  blocks  that  are  at  negative  voltages 
relative  to  the  space  plasma  potential  approach  the  breakdown  threshold.  This 
can  have  more  serious  consequences  than  the  coupling  current  losses  - a block 
discharging  to  space  can  disrupt  the  whole  power  system  output. 

From  discharge  photographs  obtained  In  ground  tests  on  small  biased  solar 
array  segments,1®*10  It  appears  that  the  whole  segment  area  Is  not  Involved 
In  a given  discharge.  Hence  only  a finite  area  of  a large  solar  array  may  be 
Involved  In  an*  single  discharge.  The  location  of  this  flolte  area  within  the 
power  system  1-kW  block  then  becomes  critical  to  evaluating  the  effect  of  dis- 
charges on  system  performance.  If  discharges  occur  at  parallel  paths  within 
the  block,  thus  allowing  the  module  to  continue  to  be  a power  generator,  one 
would  expect  a ripple  Impressed  on  the  Uc  voltage  (Fig.  10).  Since  the  break- 
down threshold  1*  not  an  absolute  value  and  since  there  are  10  modules  In  this 
power  system,  there  should  be  considerable  randomness  In  the  breakdowns  and 
the  resulting  overall  ripple. 

The  worst  case  would  be  when  the  discharge  occurs  in  the  series  portion 
of  the  block  and  thus  Interrupts  the  block  power  output.  If  the  output  of  a 
whole  block  Is  Involved,  the  module  output  will  also  have  a transient  behavior 
since  all  blocks  are  In  series.  If  a module  power  output  Is  involved,  then 
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the  whole  array  output  could  temporarily  collapse  (Fig,  10),  Random  oscilla- 
tions in.  the  power  output  could  be  caused  by  the  breakdowns  in  each  moduie-and 
by  the,  as  yet  unknown,  lifetime  Influence  on  breakdown -thresholds. 


Environmental  measurements  on  the  third  shuttle  flight2®* compound  the 
difficulties  imposed  by  possible  plasma  Interactions^  It  has  been  found  that 
because  of  photoemission  from  the  surface  the  plasma  environment  around  the 
shuttle  In  sunlight  Is  approximately  14  times  denser  than  previous  measurements 
would  Indicate.  Furthermore  this  dense  environment  seemed  to  stay  with,  the 
shuttle  for  the  8 days  ef  the  mission.  If  this-  phenomenon  holds  true  for  all 
altitudes  and  for  extended  periods  of  time,  the  plasma  surrounding  a large 
power  system  could  also  be  denser  than  previously  considered.  A factor  of  10 
Increase  In  plasma  density  would  increase  the  coupling  current  losses  to  about 
1 percent,  which  may  still  be  unimportant.  However,  the  discharge  threshold 
would,  be  reduced  significantly  by  such  an  Increase  and  more  blocks  would  be 
Involved  In  discharge  transients.  This  Is  a much  more  serious  Interaction 
problem. 


These  considerations  apply  to  cases  where  the  environment  Is  assumed  to  be 
Isotropic.  Such  conditions  do  not  a 1 way r exist  In  1ow_£arth  orbits  and  there 
can.  be  significant  changes  during  the  orbit  (Fig.  11).  At  certain  times  the 
active  area  of  the  array  faces  the  orbital  velocity  direction  ("ram").  Under 
such  conditions,  the  Ion  currents  are  Increased  (ram  velocity  Is  greater  than 
Ion  thermal  velocities),  and  this  causes  the  array  to  float  more  positively 
relative  to  the  space  plasma  potential.  The  result  is  higher  coupling  currents 
and  lower  discharge  tendency.  When  the  active  area  faces  away  from  the  orbital 
velocity  direction  ("wake"),  the  resulting  deficiency  of  Ions  causes  the  system 
to  float  more  negatively  and  thus  the  discharge  probability  to  be  greater. 
Finally  the  system  will  enter  eclipse  each  orbit.  This  eclipse  period  Is  long 
enough  to  allow  the  array  to  cool  significantly.  Upon  reent  y to  sunlight  the 
cold  solar  array  system  could  generate  up  to  twice  Its  normal  voltage  until  the 
temperature  returns  to  norma.1.  Unfortunately  the  system  would  be  entering  the 
ram  condition  upon  leaving  eclipse,  and  so  for  a short  time  both  power  losses 
and  discharges  could  be  a concern. 

The  conditions  described  apply  to  a large  space  power  system-operating  In 
a 400-km,  near-equatorla-1  Earth  orbit.  If  the  system  were  placed  at  a lower 
altitude  (~300  km),  the  higher  plasma  density  would  Increase  the  coupling 
losses  and- the  discharge  probability.  At  a higher  altitude  high-energy  parti- 
cle damage  to  solar  arrays  must  be  considered.  Operating  In  a polar  orbital 
environment  brings  In  a variable  plasma  environment  along  with  possible  auro- 
ral flux  Interactions.  Yet  a plasma  environment  Is  not  prohibitive  to  opera- 
tions of  space  power  systems  provided  that  the  possible  Interactions  are 
considered  and  accounted  for  In  system  designs.  The  alternative  of  lower  volt- 
age operations  Is  not  necessarily  safe  nor  conducive  to  power  system  growth. 


CONCLUDING  REMARKS 

Plans  for  future  NASA  missions  call  for  large  space  platforms  operating  In 
low  Earth  orbits.  These  platforms  require  large  space  power  systems  capable  of 
generating  a few  hundred  kilowatts  of  power.  At  these  levels  the  operating 
voyage  must  be  greater  than  voltages  commonly  used  In  present  power  systems. 
However,  the  higher  voltage  can  result  In  Interactions  with  the  space  plasma 
environment  that  can  Influence  the  operating  Characteristics  of  the  power 
system. 
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Tests  In  around  simulation  facilities  In  which  small  salar  array  segments- 
were  biased  to  positive  and  negative  voltages  in  a plasma  environment  have 
shown  that  Interactions  can  be  detrimental.  When  positive  voltages  are 
applied,  electron  currents  can  be  collected  that  become  proportional  to  the 
panel  area  at  voltages  greater  than  100  v.  Under  negative  bias  voltages  arclng_ 
or  breakdown  can  occur.  This  arcing  threshold  depends  on  the  plasma  density 
and  can  be  as  low  as  -300  V in  simulated  3GQ-km-of bit-plasma  environments-. 

Relatively  few  tests  have  been  conducted  In  which  an  arrays  capable  of 
generating  high  voltages- under  solar  simulation  conditions  was  operated  In  a 
plasma  environment.  One  such  test  of  a nine-block,  13  600-cm^  array  has  shown 
that  the  array  would  float- electrically  such  that  one  block  would  have  an  aver- 
age positive  voltage  that  would  be  10  percent  of  the  overall  voltage,  with  the 
other  eight  blocks  progressively  more  negative.  This  test  Indicated  that  array 
behavior  could  be  approximated  by  considering  the  Interactlon-wlth  separate 
blocks  at  an  average  voltage. 

This  approach  was  applied  to  a 10-kW  array  that  was  considered  to  be  part 
of  a 100-kW  space  power  system  operating  at  500  V.  Ten  10-kW  arrays,  each  In 
parallel,  made  up  this  system.  It  was  found  that,  under  normal  quiescent  con- 
ditions, the  power  drain  due  to  the  electron  coupling  current  would  be  negli- 
gible. However,  the  arcing  In  the  negative-voltage  regions  could  seriously 
disrupt  system  operations  either  by  Introducing  a ripple  on  4he  output  or  by 
terminating  operations  depending  on  the  severity  and  location  of  the  break- 
downs. The  orbital  oscillations  ranging  through  ram,  wake,  and  eclipse  condi- 
tions generally  tend  to  make  the  situation  worse,  finally  the  evidence  from 
the  shuttle  experiments  that  Indicate  that  large  space  structures  could  create 
their  own  plasma  environment  tends  to  make  plasma  interactions  even  more 
ci  Itlcal. 

for  the  pas-t  12  years  the  advantages  and  disadvantages  of  large  space 
power  system  operations  at  high  bus  voltages  have  been  argued  and  discussed. 
There  are  obvious  advantages  to  using  high  voltages  in  space.  Possible  haz- 
ards to  such  operations  with  standard  array  technology  have  been  addressed 
herein.  These  Interactions  are  not  Insurmountable  but  can  be  overcome  given 
adequate  understanding  of  the  phenomena.  What  Is  needed  Is  a systematic 
Investigation  to  determine  why  discharges  occur  and  how  to  prevent  them.  This 
would  require  test  programs  Involving  large  arrays  with  self -generated  volt- 
ages and  finally  a flight  experiment  to  prove  that  all  of  the  Interactions  can 
be  minimized. 
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TABLE  1.  - ENVIRONMENT  AT  400-km  ORBIT 


Plasma  characteristics: 

Electrons: 

ne-m-3 axlO1* 

Ee.  eV _ . . . . 0.22 

Ions  <oJ$): 

n».  m*3 2x1 0n 

Ei.  eV 0.09 

Spacecraft  orbital  velocity,  km/sec  77 

Plasma  current  densities,  A/m?: 

Isotropic: 

Electron,  Jeo 2.4xl0-3 

Ion.  J1o 9.4xl0-& 

Ram-(Ion):  J1o  2.6x10-* 


TABLE  II.  - SUMMARY  Of  PLASMA  COUPLING  CURRENTS 

[Assumed  operating  conditions  for  module:  V0D  . 
500  v and  I00  . 20  A;  for  block:  V0D  . 50  V 
and  Iop  . 20  A.]  v 


Block 

Average  potential 

Plasma  coupling 

(relative  to  space). 

current. 

V 

mA 

1 

SO 

-10  1 . 

2 

0 

_ t ( -10.4  mA 

3 

-50 

.6  \ 

4 

-100 

1.1 

5 

-150 

1.7  / 

6 

7 

-200 

-250 

^8  ) 20.4  mA 

8 

-300 

3.4  1 

9 

-350 

4.0 

10 

-400 

4.5  / 

272 


r-  COVER  GLASS 
SOLAR  CELL 

_K:.  INTERCONNECT 

V X>“  SUBSTRATE 


SPACECRAFT-GROUND- 


- — -JV'/'Ai 

rPlasma 


O © © © 

Figure  L - Spacecraft  high-voltage  system  - environment  interactions. 


VACUUM  CHAMBER  - 


PLASMA 

DIAGNOSTICS 


SYNCHRONOUS 

ORBIT 


I J. ...» ! I 

» 1000  10  000  100  000  1 000  000 
ALTITUDE.  Km 

ngure  2.  - Plasma  number  density  versus 
altitude  in  equatorial  orbit 


© © 
© © 


SOURCE 


EST 

INSTRUMENTATION 


COUPLING  CURRENT 
la)  Schematic  diagram  of  test  arrangement 


• • 


ib)  Solar  array  segment. 
Figure  3.  - Ground  simulation  tests. 


TENTIALS-APPUED 


SOLAR  CEIL/COVER  SLIDE  7 

INTERCONNECT-,  / 

i / . — 5-mil 

er-  - KAPTON 

\ 

GROUNDED  \ -FIBERGLASS 
IVETALEDGE  SUBSTRATE 


HIGH  POSITIVE 
POTENTIALS  APPLIED 


PLASMA 

DENSITY 

cm'3 

2xl04 


2x10s 


(a)  Positive  applied  potentials. 


Figure  4.  - Solar  array  surface  voltage  profiles  and  coupling  currents. 
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figure  5.  - Vo! tags  threshold  for  breakdown.  Figure  6.  - large  solar  array  panel  test. 
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Figure  7.  - Generated  voltage  distribution  for  nine-panel  array.  Figure  8.  - Comparison  of  measured  and  predicted  plasma 

coupling  currents  for  nine-panel  array. 
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400-km  orbit. 
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in  low  Earth  orbit,  the  geomagnetic  field  B is  strong  enough  that  secondary 
electrons  emitted  from  spacecraft  surfaces  have  an  average  gyroradius  much  smaller 
than  typical  dimensions  of  large  spacecraft.  This  implies  that  escape  of  secondaries 
will  be  strongly  inhibited  on  surfaces  which  are  nearly  parallel  to  1$,  even  if  a 
repelling  electric  field  exists  outside  them.  This  effect  is  likely  to  make  an 
important  contribution  to  the  current  balance  and.  hence  the  equilibrium  potential  of 
such  surfaces,  making  high-voltage  charging  of  them  more  likely.  We  present 
numerically-calculated  escaping  secondary  electron  fluxes  for  these  conditions.  For 
use  in  numerical  spacecraft-charging  simulations,  we  also  present  an  analytic 
curve-fit  to  these  results,  accurate  to  within  3%  of  the  emitted  current. 

1.  INTRODUCTION 

The  prediction  of  high-voltage  charging  or  other  environmental  effects  on  a 
spacecraft  in  low  Earth  orbit  appears  likely  to  be  more  complicated  than  in  geosta- 
tionary orbit,  for  at  least  three  reasons. 

These  reasons  are:  (a)  space  charge  effects  (on  sheath  and  wake  potentials)  are 

more  important,  because  space-charge  densities  are  much  higher  (the  Debye  length  is 
no  longer  >>  typical  spacecraft  dimensions)  (b)  ion  flow  effects  are  more  important, 
because  spacecraft  orbital  speed  £ ion  thermal  speeds  (c)  the  geomagnetic^field  B is 
likely  to  h»ve  an  important  influence  on  charged-particle  motions  because  B is  now 
much  larger.  'd  not  all  of  the  average  particle  gyroradii  of  importance  are  any 
longer  >>  typical  spacecraft  dimensions. 

We  wish  to  investigate  an  important  consequence  of  (c) , which  concerns  the 
escape  of  secondary  electrons  emitted  from  spacecraft  surfaces.  Our  discussion  will 
also  apply,  with  minor  modifications,  to  photoelectron  or  backscattered-electron 
escape.  In  low  Earth  orbit,  in  the  auroral-zone  geomagnetic  field  (|b|  * 0.44  gauss® 
4.4xio"5T),  the  gyroradius  of  a "typical”  3eV  secondary  electron  and  a 10  keV  auroral 
electron  are  13  cm  aid  8 n,  respectively.  The  average  gyroradius  of  "cold"  iono- 
spheric electrons  (temperature  T=0.1  eV)in  the  same  B is  even  smaller  (2  cm),  but 
this  is  not  an  important  parameter  in  most  cases  because  these  electrons  are  repelled 
if  the  spacecraft  potential  is  negative,  and  their  density  is  then  well-approximated 
by  a Boltzmann  factor,  which  is  unaltered  by  B effects. 

The  reason  why  B affects  secondary-electron^escape  is  shown  in  Fig.  1.  In  Fig. 
1(a),  the  spacecraft  surface  is  perpendicular  to  B,  and  the  emitted  electrons,  which 
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Experience  an  electric  force  ~eE  directed  away  from  the  surface,  all  escape,  helping 
to  discharge  it.  in  Fig.  1(b),  the  spacecraft  surface  is  nearly  parallel  to  B,  and 
almost  all  of  the  emitted  electrons  return  to  it.,  even  though  they  still  experience 
an  electric  force  directed  away  from  it, -.These  electrons  therefore  are  unable  to 
help  discharge  it,  so  a surface  nearly  parallel  to  H is  more  likely  to  Charge  to  a 
large  negative  voltaqe.  Note  that  the  component  of  E which  is  perpendicular  to  ^ 
results  only  in  an-JlxIs  drift  parallel  to  the  surface. 


For  any  object  much  larger  than  13  cm,  the  escape  of  secondary  electrons  will  be 
strongly  affected  by  this  process.  For  example,  most  surfaces  on  the  Shuttle  are 
effectively  "infinite  planes"  by  this  criterion.  On  the  other  hand,  the  average 
gyroradius  of  high-energy  auroral  electrons  is  comparable  to  Shuttle  dimensions,  so 
the  deposition  of  these  electrons  onto  Shuttle  surfaces  is  likely  to  be  only  moder- 
ately inhibited. 


For  a larger  object  (size  >>  8 m) , deposition- of  auroral  electrons  will  also 
become  strongly  orientation-dependent,  with  both  collection  and  escape  of  electrons 
now  being  inhibited  on  surfaces  nearly  parallel  to  B.  This  suggests  that 
high-voltage  charging  of  such  surfaces  may  be  more  likely  on  objects  of  intermediate 
size  than  on  either  larger  or  smaller  ones.  In  th_  calculation  of  Parks  and  Katz1, 
Katz  and  Parks2,  the  tendency  toward  high-voltage  charging  increased  with  spacecraft 
size  because  in  their  model,  ion  collection  increased  less  rapidly  with  spacecraft 
size  than  did  electron  collection.  To  determine  which  of  these  two  effects  predomin- 
ates will  require  more  detailed  calculations  than  have  been  done  so  far. 


As  already  mentioned,  strong  ion  flow  effects  also  are  generally  present  in  low 
orbit;  the  ion  speed  ratios  (flow  speed/most  probable  ion  thermal  speed)  for  H+  at 
1 keV,  H+  at  0.1  eV,  and  0+  at  0.1  eV  are  0.02,  1-8,  and  7.3,  respectively.  Whenever 
the  latter  is  the  predominant  ion  species,  ion  collection  on  downstream  surfaces  will 
therefore  be^strongly  inhibited.  If  a surface  is  simultaneously  downstream  and  nearly 
parallel  to  B,  as  is  likely  to  be  the  case  in  the  auroral  zones,  then  the  tendency 
for  high-voltage  charging  to  occur  on  it  will  be  greatly  increased  (Fig.  2) . 

To  "straightforwardly"  include  B effects  on  secondary  electron  emission  in  a 
large  two  or  three  dimensional  simulation  program  would  involve  the  numerical  integr- 
ation of  very  large  numbers  of  secondary-electron  orbits.  The  resulting  computing  costs 
usually  would  be  formidable,  especially  since  these  orbits  would  have  relatively  large 
curvatures.  A desirable  alternative  is  to  "parameterize"  the  situation  by  treating 
in  advance  a simplified  but  still  sufficiently  realistic  model  problem.  In  order  to 
do  this,  we  make  the  approximations  described  in  the  next  Section. 

2.  THEORY  FOR  £ NORMAL  TO  SURFACE 

We  assume  tjjiat  th§  spacecraft  surface  is  an  infinite  plane,  and  the  electric  and 
magnetic  fields  E and  B outside  it  are  uniform.  In  the  work  presented  here,  we  also 
assume  that  the  electric  force  -eE  on  electrons  is  directed  along  the  outward  normal 
to  the  surface;  here  e is  the  magnitude  of  the  elementary  charge.  This  assumption  is 
to  be  relaxed  in  a later  paper  (J.G.  Laframboise,  to  be  published)  in  order  to  permit 
variations  of  potential  along  the  surface  to  be  taken  into  account.  We  assume  that 
the  secondary  electrons  are  emitted  with  a Maxwellian  distribution  corresponding  to  a 
temperature  T.  The  ratio  i = I/IQ  of  escaping  to  emitted  flux  is  then  a function  of 
two  parameters:  the  angle  8 between  the  surface  normal  and  the  direction  of  B (Fig. 3), 
and  a parameter  describing  the  strength  of  E.  A convenient  choice  for  this  parameter 
is  the  difference  in  potential  across  a mean  secondary-electron  gyroradius  a =(l/eB) 
(nmkT/2)  , divided  by  kT/e,  where  m is  electron  mass  and  k is  Boltzmann's  constant. 
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(2.1) 


This  quotient  is: 

_ E F uro 

^ ~ B V 2kT 

where  E 5 |1i|  and  B = |lij . 

This  quantity  also  has  an  alternative,  more  useful  interpretations  it  is  the- 
ratio  of  the  magnitude  | E x ta|/B2  of  the  ExB  drift  speed,  to  one-half  the  mean 
thermal  speed  (8kT/ism)^  of  the  emitted  electrons.  It  is  useful  to  estimate  the  value 
of  e for  a high-voltage  spacecraft  sheath  in  low-orbit  conditions.  To  do  this,  we 
use  the  sheath  solution  of  Al'pert  et  al  (Ref.  3,  Table  XXIV  and  Fig.  72).  For  a 1 ItV 
and  a 5 kV  sheath  around  a sphere  of  radius  3m  in  a collisionless  plasma  having  an 
ambient  ion  temperature  of  0.1V,  number  density  of  3 x !05  cm-3,  and  resultant  (ion) 
Debye  length  of  0.43  cm,  their  results  give,,  respectively,  sheath  thicknesses  of  2.6 
and  6.1  m,  and  surface  electric  fields  E~0.86  and  2.9  kV/m.  Using  B = 4.4x  1Q“5T  and 
T = 3 eV  for  secondary  electrons,  we  then  obtain  e = 33.0  and  114.2.  Both  of  these 
are  relatively  large  values,  whose  significance  can  be  understood  if  we  consider  what 
would  happen  if  e were  infinite. 

In  this  limit,  it  is  easy  to  show  that  secondary  electrons  would  all  escape 
unless  B were  exactly  parallel  to  the  surface  (9  were  90°) . This  can  be  shown  as 
follows.  In  this  limit,  secondary  electrons  would  have  no  "thermal"  motion.  The 
(y,z)  projection  of  their  motion  would  then  be  similar  to  that  shown  in  Fig.  4.  This 
motion  would  be  the  sum  of:  (i)  an  Ex  B drift  in  the  y direction  (ii)  a uniform 

acceleration  along  B,  whose  projection  in  the  (y,z)  plane  would  be  upward  (iii)  just 
enough  gyromotion  to  produce  a cycloidal  path  when  combined  with  (i) , so  that  in  the 
absence  of  (ii) , the  electron  would  (just)  return  to  the  surface  at  the  end  of  each 
gyroperiod.  In  the  presence  of  (ii) , these  "return  points"  are  displaced  upward  by 
progressively  increasing  amounts  (Fig.  4),  so  the  electron  can  never  return  to  the 
surface,  unless  ti  is  exactly  parallel  to  the  surface,  so  that  the_upward  component  of 
-el:  along  & vanishes. 

This  result  suggests  that  for  large  finite  values  of  e (including  the  values 
calculated  above) , electron  escape  is  likely  to  be  almost  complete  except  for  0 very 
near  90°,  where  it  should  drop  to  zero  very  steeply.  The  occurrence  of  high-voltage 
charging  in  marginal  circumstances  may  therefore  depend  very  strongly  on  the  precise 
orientation  of  a surface. 


The  escaping  secondary-electron  flux  is  given  by: 


/JJf(Vo)H(Vo)V, 


oz  d3v0 


,3/2 


03  oo  m \J'‘1  mv  c \ 

= fdv  / dv  /n  — exp  - 

.&  ox.&  oy  ' 2irkT J * 2kT  J 


H ( v ,v  ,v  )v  dv 
ox  oy  oz  oz  oz 


(2.2) 


where:  v0  is  the  initial  velocity  of  an  emitted  electron,  f (vc)  = d3n/d3v0  is  the 

velocity  distribution  of  emitted  electrons,  n is  a reference  number  density,  and 

H(vQ)  is  equal  to  1 for  -scaping  electrons  and  0 for  those  which  return  to  the 

surface.  The  emitted  flux  is: 


U 

I = n (kT/2itm)  . 
o 

We  also  introduce  the  dimensionless  velocity: 
u = v(m/2kT) 


(2.3) 


(2.4) 
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Equation  (2,2)  then  becomes 
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(2.5) 


which  is  in  a form  suitable  for  numerical  summation.  The  quantities  Uj.  1 ' 11 1 i P\  2' 
• • ■ • , u . • are  the  values  of  uoz  for  which  H changes  between  0 and  I * for  eAch 

uox  ana1Uoy1'axThese  values  must  be  found  by  numerically  determining  which  particle 
orbits  reimpact  the  surface.  Those  orbits  can,  however,  be  determined  in  analytic 
form,  with  time  as  a parameter.  To  do  this,  we  use  the  coordinate  system  shown  in 
Fig.  3,  together  with  a y-axis  (not  shown)  directed  into  the  plane  of  the  Figure. 
The  equation  of  motion  for  an  electron  is: 


v = 


e •+•  -> 

- (E  + v x B)  . 
m 


(2.6) 


We  solve  this  with  the  initial  conditions  E,  = y = n =0,  v^-vQ^,  Vy  = vQy, 
We  introduce  the  dimensionless  variables : — * 


e 


x 


etc; 


and  v 

n 


= v 


orp 


x =x/a,  $ = y/a,  etc; 
t = mc  t = (eB/m) t . 


(2.7) 


In  the  present  work,  ex  and  Ey  are  both  zero,  but  for  future  use,  we -have 
retained  these  quantities  in  the  formulas  below.  We  obtain: 


u _ = u sin  9 + u cos  0 ; 
04  ox  oz 
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S = % COS  9+?i  sin0  . 


(2.8) 


Equations  (2.8)  can  also  be  differentiated  to  find  dz/dt.  The  numerical  procedure 
for  finding  the  quantities  uiim,k  Eq*  (2.5)  then  involves  calculating  z and  dz/dt 
at  a succession  of  points  along  an  orbit  (the  electron  will  reimpact  during  the  first 
gyroperiod  0<r  < 2ir  if  at  all,  so  this  interval  always  suffices),  and  making  the 
appropriate  tests  on  these  quantities  to  find  out  whether  the  orbit  reimpacts  or 
escapes.  For  each  uQ  . and  u0yfj,  this  is  done  for  a succession  of  values  of  uoz. 
These  tests  also  yielci'ihe  local  ’minimum  of  2f(t)  if  one  exists.  Whenever  a change 
occurs  between  nc  escape  and  escape  from  one  such  value  of  uoz  to  the  next,  an 
interpolation  using  these  minima  can  be  used  to  provide  the  corresponding  value  of 
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Ujim  j,.  In  cases  where  they  are  unavailable,  the  arithmetic  mean  of  the  two  succes- 
sive ' uQ?<  values  is  used,  This  completes  the  definition  of  the  procedure  used  for  cal-’ 
culating  the  ratio  I/Ic  of  escaping  to  emitted  flux. 


3.  RESULTS  AND  DISCUSSION 

Escaping  secondary -electron  current  densities,  computed  as  described  in  Sec.  2, 
are  shown  in  Table  1 and  Pig.,  ft.  Each  value  of  \ ~ T/lQ  was  calculated  using  ,191000 
orbits,  evenly  spaced  in  the  intervals  -4,5  1 uox  i 4.5,  -4.5  i uoy  £ 4.5,  and  0 i 
u0?!  t 4.5,  with  points  on  the  orbits  calculated  at  intervals  At~h/45.  For  8 values 
each  of  e and  0,  the  resulting  calculation  took  03  hr  total  on  a Hewlett-Packard 
10Q0F  minicomputer  with  Vector  instruction  Set.  The  results  are  accurate  to  within 
about  0.5%  or  better.  The  result  for  e--0  i§  just  the  analytic  result  i - cos  0 . To 
see  why  this  is  so,  we  consider  the  electron  orbit  shown  in  Pig.  G,  which  has  been 
fictitiously  extended-  so  as  to  pass  through  the  surface  and  re-emerge  from  it.  In 
the  absence  of  an  electric  field  (e  = 0) , this  orbit  has  the  same  speed  at  the 
re-emprgence  point  C as  at  the- emission  point  A.  Since  we  have  also  assumed  that  the 
emitted  velocity  distribution  is  isotropic,  and  therefore  a function  of  speed  only, 
the  real  orbit,  for  which  C is  the  emission  point,  must  carry  the  same  population  as 
would-  the  fictitious  re-emerged  orbit.  The  flux  crossing  the  reference  surface  DE, 
which  isJLB,  is  therefore  the  same  as  if  such  passagesand  re-emergences  actually 
occurred,  and  is  the  same  as  if  another  reference  surface  FG,  also  i_B,  were  emitting 
electrons  having  the  same  velocity  distribution.  However,  in  reality,  the  electrons 
come  from  the  real  surface  HJ,  which  is  not  J.  B,  and  all  the  electron-orbit  guiding 
centers  which  are  inside  any  given  magnetic-flux  tube  through  DE  will  also  be  inside 
the  projection  of  the  same  flux  tube  onto  HJ,  and  the  ratio  of  the  intersection  areas 
of  this  tube  with  HJ  and  DE  is  just  sec  0 . The  ratio  of  escaping  to  emitted  flux 
must  therefore  be  the  reciprocal  of  this,  or  cos  0 , as  stated  above. 

Also  evident  in  Fig.  5 is  the  fact,  mentioned  in  Sec.  2,  that  when  e is  large 
enough,  electron  escape  becomes  essentially  complete  except  when  0 is  very  nearly  90°. 
In  a real  situation,  E would  not  be  uniform,  but  would  decrease  with  distance  from 
the  surface,  contrary  to  our  assumptions.  Our  results  can  therefore  be  expected  to 
overestimate  electron  escape.  This  would  probably  not  be  a large  effect,  but  this 
presumption  remains  to  be  verified.  An  approximate  compensation  for  it  can  be  made 
by  calculating  e using  an  electric  field  value  which  is  averaged  over  the  first  mean 
gyroradius  distance  from  the  surface. 


The  results  in  Table  1 are  approximated  to  within  2.5%  of  I0  by  the  empirical 
formula: 

cl  = 1 + lJ5ft-1,1394  expjo. 083725  {l  + tanh  [l»9732  fin  ( -pjj  )]}* 

- 0.07825  Jin  [l + (e/8.5) 1 • 701 40]j ; 

b = O.38O33e0,05892  expjsi. 0988^1  + tanh  [l -49  fin  ( )] » 


C = fin  (90°/G)  ; (3.1) 

i - cos  [90°  exp(-ac  - be2)] . 

This  formula  also  has  the  correct  limiting  behavior  when  e-*-0  or  ®,  or  0->O°  or  90°. 
An  approximation  formula  for  the  emitted  flux  is  also  available  [Eqs.  (5)  and 
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(6)  of  Lafrafnbaisq  et  al,  Ref.  4,  and  Laf ramhoine  and  KamitsuMa,  Ref.  5], 

4.  CALCULATION  OF  SECONDARY “ELECTRON  DENSITIES 

Onwn  the  eccondory-oiectron  escape  fluxes  are  known  (See.  .1) , a simple,  inexpen- 
sive, approximate  calculation  of  their  space-charge  density  distribution  can  bo  sot 
up.  The  proposed  method  is  as  follows!  (1)  ignore  the  gyromotion  of  the  secondary 
electrons  once  they  have  escaped.  Their  motjiMj  then  involves;  (a)  an  acceleration 
$lo§g  magnetic  field  linos,  of  amount  -(cs/m)E*B/D  (b)  a drift  motion  of  velocity 
fi x B/fi?  across  magnetic  field  linos.  (2)  Integrate  enough  of  the  trajectories 
defined  by  this  motion  (i.e.  their  guiding-center  trajectories)  to  define  trajectory 
tubes  whoso  cross-section  at  any  point  can  be  calculated  with  sufficient  accuracy; 
the  method  described  by  La framboise  ct  al  (Ref.  0,  See.  7),  can  be  used  to  calculate 
the  area  of  a trajectory  tube  without  reference  to  neighbouring  trajectories.  (3) 
Calculate  their  space-charge  density  n(r)  at  any  point  by  (a)  ignoring  the  "thermal" 
spread  of  their  velocities  (b)  then  invoking  the  fact  that  their  density  * their 
velocity  [as  given  by  the  orbit  integration  mentioned  in  (2)3  * * the  cross-sectional 
area  A(?)  of  the  trajectory  tube  (which  must  be  calculated  in  a plane  J_  the  traject- 
ory) at  the  point  r in  question,  = a constant  (whose  value  is  given  by  the  initial 
conditions  at  the  point  on  the  spacecraft  where  the  trajectory  originates)  (c)  find- 
ing their  velocity  at  the  point  in  question  by  using  energy  conservation,  together 
with  the  values  of  electric  potential  $ (r)  and  <J>0  at  that  point  and  the  emission 
point,  and  their  assumed  velocity  vQ  at  the  emission  point.  The  result  is: 

n (?)  = n0v0A0/^A (?)  sfvj+  ( 2e/m)  j>(?)  - } (4.1) 

where  nQv0  is  the  escaping  flux  calculated  in  Sec.  3.  At  most  positions,  n(?)  will 
be  insensitive  to  the  precise  value  assumed  for  vQ2 ; assuming  that  vQ  = the 
one-sided  thermal  speed  ^kT/mm)15  will  suffice  for  most  purposes. 
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TABLE  1 

Values  of  the  ratio  i =I/I0  of  escaping  to  emitted  flux,  far  .-arious  values  of  0, 
the  angle  (in  degrees)  between  the  surface  norma)  a n!  ..•••»  magnetic  field  direction , 
and  e,  the  nondime  is ional  repelling  electric  f ield  strength.  These  two  quantities 
appear  in  the  table  as  THETA  and  EPS,  respectively.  These  results  are  accurate  to 
within  about  0.5%  or  better;  thus  the  differences  between  .999  and  1.000  in  the  Table 
are  not  significant.  For  0 = 0°,  i « 1 for  all  values  of  e. 


Figure  1.  Effect  of  surface  orientation  on  escape  of  emitted  electrons.  In  (a)  , the 
spacecraft  surface  is  perpendicular  to  the  magnetic  field  B,  and  the  emitted  electrons* 
which  experience  an  electric  force  -efi  directed  away  from  the  surface,  all  escape.  In 
(b) , the  spacecraft  surface  is  nearly  parallel  to  B,  and  almost  all  of  the  emitted 
electrons  return  to  the  surface,  even  though  they  still  experience  an  electric  force 
directed  away  from  it.  Note  that  the  component  of  E perpendicular  to  fi  results  only 
in  an  fix  b drift  parallel  to  the  surface. 
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Figure  2.  Spacecraft  simultaneously  in  a collisionless  ion  flow  and  a magnetic  field 


Figure  3.  Coordinate  system  for  calculating  electron  escape  fluxes.  The  y-coordinate 
(not  shown)  is  directed  into  the  plane  of  the  Figure. 
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Figure  4.  Example  of  an  electron  orbit  having  zero  initial  velocity.  The  magnetic 
field  B is  parallel  to  the  (x,z)  plane,  and  makes  an  angle  9 = 75°  with  the  z axis, 
e = 1.  Three  gyroperiods  of  the  orbit  (0  £ t £ 6ir)  are  shown. 


Figure  5.  Ratio  i = I/I0  of  escaping  to  emitted  secondary-electron  flux,  as  a funct 
ion  of  the  angle  0 between  the  surface  normal  and  the  magnetic  field  direction,  for 
various  values  of  the  repelling  electric  field  strength  parameter  e~  (E/B)  (Trm/2kT)'! 
The  result  for  e = 0 is  given  by  * = cos  9 . 
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A cylindrical  particle-in-cell  (PIC)  plasma  simulation  code  applicable 
to  plasma  densities  encountered  in  low  earth  orbit  (LEO)  is  nearing 
completion.  The  simulated  geometries  include  that  of  a plain  disk  and  a 
disk  surrounded  by  a dielectric.  Both  configurations  are  mounted  upon  a 
ground  plate  in  contact  with  a plasma  environment.  Techniques  allowing 
simulation  of  dielectric  charging  using  PIC  time  scales  are  discussed. 
Current  versus  voltage  characteristic  curves  are  calculated  and  the  results 
are  compared  to  experimental  data. 


INTRODUCTION- 


The  plasma  densities  present  in  LEO  (10  - 10  /cm)  may  cause  the 
collection  of  large  plasma  coupling  currents  for  spacecraft  operating  at  high 
voltages.  In  particular,  large  high-voltage  solar,  cell  arrays  exposed  to  the 
LEO  environment  could  collect  enough  parasitic  current  from  the  ambient 
plasma  to  degrade  their  performance.  Additionally,  exposed,  dielectric 
material  can  develop  large  differential  potentials.  Punctures  in  insulators 
over  conductors  have  been  seen  to  collect  currents  much  larger  than  would  be 
expected  based  on  the  area  of  the  exposed  conductor  (ref.  1). 

In  this  paper,  a status  report  of  the  results  of  a continuing  effort  to 
develop  a self-consistent  numerical  simulation  to  explore  more  thoroughly  the 
interactions  of  an  ambient,  plasma  with  a conducting  disk,  which  may  be 
partially  covered  with  a dielectric  material,  is  presented.  The  disk 
surrounded  by  dielectric  material  represents  a hole  in  an  insulator  covering 
a-  conductor.  The  background  plasma  parameters  are  chosen  to  resemble 
conditions  of  LEO.  Since  all  particle  trajectories  are  known,  any  process 
which  can  be  modeled  statistically  for  a single  plasma  particle  can.  be 
included  by  the  simulation  code.  Plasma  interactions  currently  considered 
include  the  effects  of  charge  collection  on  the  dielectric  and  secondary 
electron  emission.  The  simulation  region-  includes  a ground  plate  on  which 
the  disk  or  disk  aiid  dielectric  are  mounted.  The  resulting  configuration 
closely  matches  the  experiments  (ref.  2). 

This  combination  of  geometry  and  plasma  parameters  incorporates  the 
basic  physics  of  the  interactions  which  would  be  present  between  a high 
voltage  solar  cell  array  and  the  plasma  environment.  Yet,  unlike  the  solar 
array,  the  geometry  is  simple  enough  to  be  handled  by  a particle-pushing 

code.  Although  a ratio  of  ion  to  electron  mass  of  1:1  is  commonly  used,  mass 
ratios  of  100:1  or  higher  can  be  handled.  This  allows  the  simulation  of 
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negative  voltages  present  upon  the  central  conductor.  Thus,  information 
gained- from  an  analysis  of  the  disk  and  dielectric  configuration-  will  be 
directly  applicable  to  the  design  of  large-scale.,  high^oLtage  solar -ceU 
arrays  meant  to  be  placed  in  low  earth  orbit. 


REVIEW  OF  TIIE-S IMlJLATlOli  MODEL 


The  plasma  simulation  code  is  a further  development  of  the  2-1/2 
dimensional  program  described  previously  (refs.  3 to  6).  The  cylindrical 
simulation  region  is  divided  into  a numerical  grid  which  is  used  to  calculate 
the  potential®  and  fields  of  the  problem.  The  calculational  grid  is  shown  in 
figure  1.  Each  cell  represents  a ring  of  Space  due  to  rotational  symmetry 
about-  the  Z-axis  (boundary  region  1).  Boundary  regions  2 and  3 represent  the 
outer  boundaries  of  the  calculation.  The  outer  boundaries  are  assumed  to  be 
removed  far  enough  from  the  conducting  disk  so  that  potentials  imposed  upon 
the  disk  do  not  affect  the  boundaries.  Thus,  the  plasma  is  maxwellian  at  the 
outer  boundaries  and  the  potential  is  set  to  zero.  Particles  are  added  to 
the  simulation  along  boundaries  3 and  4 according  to  the  value  of—  the  random 
thermal  current.  Particles  are  lost  to  the  simulation  whenever  their  orbits 
cross  one  of  these  two  boundaries.  Boundary  region  4 represents  the  ground 
plate.  The  potential  on  boundary  region  4 is  set  to  zero  and  all  particles 
intersecting  this  boundary  are  absorbed.  The  surface  of  the  dielectric 
covering  part  of  the  conductor  is  represented  by  boundary  region  5 (may  have 
zero  length) . All  particles  striking  boundary  region  5 are  absorbed. 
Electrons  striking  the  dielectric  may  emit-  secondaries  with  their  number 
distribution  given  by  fits  to  experimental  data,  presented  by  Haffner. 
(ref.  7).  The  potential  on  the  surface  of  the  dielectric  is  determined  by 
the  following  equation: 


*(«)  = ■“  4no  + -|$(0)  + c$(az)  (1) 


where  6 is  the  thickness  of  the  dielectric,  £ is  the  dielectric  constant,  o 
is  the  charge  per  unit  area,  and  <J>(0)  is  the  potential  of  the  conducting 
disk.  This  is  just  an  infinite  capacitor  approximation  which  may  not  be 
valid  near  the  edges  of  the  dielectric  surface.  Boundary  region  6 represents 
the  exposed  portion  of  the  conducting  disk  which  can  be  set  at  a desired 
potential  with  respect  to  the  potential  of  the  plasma  exterior  to  the 
simulation  region  (zero).  Particles  which  enter  boundary  region  6 are 
absorbed  and  form  the  current  drawn  by  the  conductor  from  the-plasma. 

The  simulation  code  is  based  upon  standard  PIC  simulation  techniques 
whenever  possible.  An  overview  of  the  program  is  shown  in  figure  2.  The 
initial  particles  are  randomly  added  to  the  simulated  space  with  velocities 
chosen  from  a maxwellian  distribution.  This  represents  a nonequilibrium 
situation  unless  a potential  of  zero  is  specified  on  the  conductor.  The 
equations  of  motion  are  integrated  using  a second-order  leap-frog  method.  To 
avoid  the  singularity  present  in  the  cylindrical  equations  of  motion  as  r 
approaches  zero,  cartesian  coordinates  are  used  to  compute  particle 
movement.  The  coordinates  are  converted  back  into  the  cylindrical  form  when 
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the  move  is  completed.  The  particle  mover  advances  particles  through  the 
simulation  in  increments  of  the  time  step,  value.  The  time  step  value  is- set 
such  that  tjp  fastest  particles  move  less  than  1 grid  cell  per  time  step 
(about  10  sec).  Particles  are  added . ...  at  the  outer  boundaries- from  the 
surrounding  undisturbed-  plasma  (assumed  to  have  a maxwell ian  velocity 
distribution,  usually  of  10,000  deg  K,  about  l_eV).  All-particles  present 
which  have  entered-any  of  the  sink  regions  ate  discarded.  The  remaining 
particle  charges  are.  spread-  over  the  grid  using  volume -weighting  over  the 
nearest  grid  cells-  Successive  over-relaxation  with  odd-even,  stepping  is 
used  to  solve  Poisson's  equation  - yielding  a self-consistent  calculation  of 
the  electrostatic  potential.  The  electric  field  can  then  be  calculated  by 
differentiating  the  potential. 

The  total  number  o£  time  steps  simulated  may  range  from  about  4000  time 
steps  for  the  plain  disk  configuration  to  20,000  time  steps  for  the  disk  and 
dielectric  configuration.  The  avera-ge  age  of  particles  within  the  simulations 
for  the  20x20  grid  is  about  100  time  steps.  This  implies  a complete  cycling 
of  particles  in  the  simulation  space  occurring  about  200  times  for  a 20,000 
time  step  simulation.  Hence,  plasma  parameters  such  as  temperature  and 
density  are  determined  by  the  additions  of  particles  on  . the  outside 
boundaries,  not  by  the  initial  particle  distribution.  It  is  important  to 
ensure  that  the  program  can  maintain  a constant  density  and  temperature  for  a 
free  plasma. aver  many  time  steps.  Simulation  of  a free  plasma  is  accomplished 
by  setting  the  radius  of  the  conductor  to  zero  (extending  boundary  region  4 
over  the  entire  lower  boundary)  and  reflecting  any  particles  which  cross 
boundary  region  4-  The  potential  on  boundary  region  4 is  set  to  zero.  A plot 
of.  the  total  number  of.  particles  present  in  the  simulation  region,  versus  time 
step  number  is  shown  in.  figure  3.  The  initial  number  of  particles  (2000  per 
species)  remains  constant  within  statistical  fluctuations  for  the  entire  8000 
time  steps  computed  using  a 20x20  calculational  grid  size.  The  average 
kinetic  energy  per  particle  remains  constant  as  shown  in  figure  4.  Thus  the 
simulation  code  has  been  shown  to  be  able  to  simulate  a free  plasma  for  a 
large  number  of  time  steps  without  undergoing  any  nonphysical  instabilities. 

This  simulation  program  is  applicable  when  the  plasma  Debye  length  is  of 
about  the  same  order  of  magnitude  as  the  disk  radius.  Large  plasma  densities 
would  cause  large  fluctuations  in  the  collected  current  * since  this 
calculation  makes  use  of  a small  number  of  particles.  The  PIC  assumptions 
made  also  imply  that  the  Debye  length  is  larger  than  one  grid  cell.  With 
these  restrictions  and  probe  sizes  ranging  from  1.75  cm  to  10.0  cm  in  radius 
and  with  electron  and  ion  temperatures  of  about  1 eV,  plasma  densities  are 
then  about  10,000  particles  per  cubic  centimeter.  This  corresponds  to 
environments  encountered  in  the  upper  ionosphere  or  low  earth  orbit.  The 
Debye  length  under  these  conditions  is  about  5 cm. 


PLAIN  DISK  CALCULATIONS 


Approach  to  Equilibrium 

The  plain  disk  or  electrostatic  probe  configuration  is  the  simplest 
configuration  simulated.  The  rapid  approach  to  equilibrium  is  demonstrated  in 
figure  5.  Voltage  versus  current  density  curves  drawn  by  the  disk  are  shown 
for  simulation  runs  of  various  durations.  The  value  for  the  current  can  be 


seen  to  achieve  an  equilibrium  state  after  2000  time  steps  of  the  simulation 
have  been  completed.  Since  only  two  or  three  thousand  time  steps  need  be 
taken,  a large  number  of  runs  may  be  made  for  the  disk  only  case  using  a 
relatively  small  amount  of  computer  time  (1  minute  on  the  CRAY  l,  and  36 
minutes  for  the  VAX  11/750  with  a 4Q0Q  time  step  run).  Thus  the  plain  disk 
simulations-  can  be  used  to  explore  a wide  range  of  plasma  parameters  and 
establish  areas  of — applicability  for  the  more  complex  disk  and  dielectric 
simulations. 


Comparison  with  Experiment 

The  comparison  with  experiment  (ref.  2)  is  displayed  by  figure  6.  The 
experimental  current-voltage  curve  is  shown  for  a plasma  density  of  20,000 
particles  per  cubic  centimeter  and  a disk  radius  of  1.75  cm.  The  only 
modification  to  the  experimental  curve  has  been  the  correction  of  -8  volts  so 
that  voltages  in  both  the  simulation  and  the  experiment  will  be  referenced  to 
the  plasma  potential,  and  not  to  the  vacuum  chamber  wall.  In  spite  of 
experimental  uncertainties  in  tbe  plasma  parameters  and  statistical  errors 
present  in  the  simulations,  the  experiment  and  calculated  values  of  the 
collected  current  versus  voltage  are  in  good  agreement. 

The  calculated  curve  was  constructed  as  a hybrid  of  three  separate 
series  of  computer  runs.  The  voltage  points  between  20  and  200  volts  were 
obtained  using  a 10x10  grid  simulation  running  for  3200  time  steps  on  a VAX 
11/750  computer.  The  lower  voltage  points  were  also  calculated-with  a 10x10 
grid  simulation,  but  16,000  time  steps  were  necessary  to  reduce  the 
statistical  fluctuations.  The  higher  voltages  were  simulated  with  a 20x20 
grid  utilizing  the  same-  spacial  resolution  as  the  other  10x10  grid 
calculations.  Both  the  lower  and  higher  voltage  points  were  computed  on  a 
CRAY- J machine. 

The  negative  voltage  experimental  curve  can  also  be  compared  to  the 
positive  voltage  simulation  results.  The  current  collected  by  the  positive 
voltage  simulations  is  scaled  by  the  square  root  of  the  mass  ratio  (for  a 
nitrogen  plasma  the  scale  factor  is  160)  to  produce  the  expected  results  of  a 
negative  voltage  run.  This  comparison  is  shown  in-  figure  7.  The  agreement 
between  simulation  and  experiment  is  not  as  good  as  for  the  positive 
voltages.  The  simulation  collects  about-  1/2  of  the  current  of  the  experiment 
throughout  the  voltage  range.  This  is  within  the  experimental  uncertainties 
and  simulation  statistical  error.  However,  unlike  the  positive  voltage  case, 
the  mean  values  of  the  collected  current  do  not  agree.  This  indicates  that 
current  scaling  by  the  square  root  of  the  mass  ratio  for  negative  voltages 
(large  ion  to  electron  mass  ratios)  is  only  approximate. 


Simulation  of- Large  Hass  Ratios 

For  the  disk  only  configuration,  the  current  collected  by  the  positive 
voltage  calculation  can  be  scaled  to  the  expected  current  that  would  be  seen 
in  a negative  voltage  simulation.  For  the  disk  and  dielectric  configuration 
the  current  scaling  to  negative  voltages  is  inappropriate  due  to  the  presence 
of  a dielectric  surface  which  will  charge  differently  in  the  two  voltage 
ranges.  The  charging  of  the  dielectric  will  also  depend  upon  the  ratio 
between  the  ion  and  electron  mass.  With  the  normal  1:1  mass  ratio,  the 
dielectric  surface,  when  exposed  to  the  plasma,  will  not  charge,  in  spite  of 
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the  fact  that  the  increased  mobility  of  the  electrons  should  charge  the 
surface  of  the  dielectric  negatively.  In  order  to  be  able  to  realistically 
simulate  dielectric,  charging  effects  and  negative  voltages  for  the  disk  and 
dielectric  configuration,  it  is  necessary  to  relax  the  PIC  requirement  of  1:1 
mass  ratios. 

The  disk  only  configuration  provides  an  excellent  test  of  the  methods 
developed,  to  handle  larger  mass  ratios.  This  configuration  is  simple  and 
gives  simulation  results  with  a minimum  of  CPU  time.  The  expected  collected 
current  for  each  mass  ratio  can  be  found  by  simply  scaling  the  positive 
voltage  result  to  the  negative  voltage  simulation  value.  The  diagnostics 
furnished  are  excellent. 

The  usual  way  to  handle  larger  mass  ratios  is  to  simply  give  the  ions  a 
larger  mass  value.  This  method  has  several  disadvantages.  Since  the 
simulation  procedure  is  not  affected,  it  takes  the  sam&  CPU  time  per  time 
step  to  simulate  larger  mass  ratios  as  it  would  to  simulate  a 1:1  mass 
ratio.  The  distance  each  ion  would  move  per  time  step  decreases  with  the 
increasing  value  of  the  mass  ratio.  Thus,  for  reasonable  mass  ratios 
(hydrogen  plasma,  1836:1),  the  simulation  would  have  to  be  rua  many  times 
longer  (at  the  same  relative  speed)  to  come  to  equilibrium..  Also  the  ion 
motion  per  time  step  might  become  so  small  as  to  be  dominated  by  roundoff 
error.  This  generally  limits  PIC  simulations  to  various  small  values  of  the 
mass  ratio..  From  these  results,  speculations  are  made  as  to  the  effect  of 
realistic  mass  ratios. 

Another  method  to  simulate  large  mass,  ratios  can  be  developed.  The 
relatively  slow  movement  of  the  ions  per  time  step  indicates  that  it  is  a 
wasted  effort  to  move  them  every  time  step.  Instead,  ions  can  be  moved-once 
every  n time  steps.  In  this  case  n is  chosen  to  be  large  enough  so  the  ions 
move  about  the  same  average  distances  every  n time  steps  as  they  would  in  a 
simulation  run  with_a  mass  ratio  of  1:1  for  each  time  step.  Thus  ion  and 
electron  particle  movement  are  restored  to  a relative  parity  at  the  expense 
of  the  additional  assumption  that  the  electric  fields  remain  constant  (at 
least  in  the  average)  for  n time  steps.  The  constant  electric  field 
assumption  is  clearly  invalid  at  the  beginning  of  a run.  However,  once  a 
simulation  reaches  an  equilibrium  state,  the  assumption  of  a constant 
electric  field  should  be  justified.  Once  again  it  is  postulated  that  if  the 
simulation  is  run  until  an  equilibrium  state  is  reached,  details  about  the 
approach  to  the  equilibrium  are  lost  - implying  the  equilibrium  state  is 
unique . 

The  remaining  problem  is  to  determine  n for  a given  mass  ratio  in  such  a 
manner  that  the  least  amount  of  extra  computing  is  required.  The  particle's 
energy  should  remain  constant  as  the  mass  ratio  is  varied.  Therefore*  the  ion 
velocity  is  proportional  to  the  square  root  of  the  inverse  of  its  mass 
ratio.  The  time  period  over  which  the  ions  are  moved  then  is  just 
proportional  to  the  square  root  of  their  mass  ratio.  The  simulated  mass  ratio 
should  be  chosen  such  that  its  square  root  is  an  integer. 

The  above  algorithm  can  be  implemented  with  the  PIC  code  by  the 
following  simple  procedure.  The  form  of  the  equations  of  motion  describing 
the  R coordinate  which  are  solved  by  the  particle  mover  are: 
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Since  the  energies  of  particles  with  differing  mass  ratios  are  constant  at 
each  point  along  the  trajectory,  the  angular  momentum  term,  lz/mr  , remains 
constant  under  variations  of  the  ion  mass  ratio.  The  combined  effects  of 
substituting  m'=n  m and  At’=nAt  just  cancel  in  the  equations  of  motion.  A 
similar  behavior  is  found  for  the  equations  of  motion  describing  the  Z 
coordinate.  Thus,  mass  ratios  of  n : 1 can  be  simulated  simply  by  moving  the 
ions  only  once  every  n time  steps. 

Results  obtained  by  using  the  direct  :.-*d  indirect  methods  to  simulate 
large  mass  ratios  have  no  effect  on  the  current  collected  by  the  disk  for 
positive  voltages.  The  collected  current  is  dominated  by  electrons;  any 
difference  in  the  ion  mass  is  not  seen.  The  best  test  of  the  larger  mass 
ratio  simulation  methods  is  the  simulation  of  negative  voltages  on  the 
conductor.  In  this  case  the  ions  dominate  the  current  and  the  electrons  are 
excluded  from  the  conductor.  Results  of  simulations  using  severa-1  different 
mass  ratios  by  both  methods  are  shown  in  figure  8.  The  expected  current  which 
would  be  collected  by  the  conductor  decreases  with  increasing  mass  ratios. 
The  general  shape  of  the  current-voltage  curve  remains  intact  for  both, 
approximations  down  to  mass  ratios  of  4:1.  For  mass  ratios  of  100 :t,  the 
straightforward  method  of  computing  mass  ratio  effects  using  a larger  mass 
value  begins  to  collect  more  current  than  the  simulations  which  move  the 
ions  once  per  every  10  time  steps.  When  a mass  ratio  of  1849:1  is  attempted, 
by  moving  the  ions  once  per  43  time  steps,  the  current-voltage  curve  begins 
to  bend  over.  This  could  be  caused  by  a lack  of  statistics  (30,000  time  steps 
result  in  only  700  ion  movements)  or  possibly  the  assumption  of  constant 
electric  fields  over  the 100  time  step  interval  is  beginning  to  break  down. 


THE  DISK- AND  DIELECTRIC  CONFIGURATION 


The  Approach  to  Equilibrium 

The  final  equilibrium  situation  of  the  disk  and  dielectric  is  much 
harder  to  identify  than  that  of  the  plain  disk.  The  capacitance  inherent  in 
the  dielectric  causes  the  response  time  for  charging  to  be  large  compared 
with  the  plasma  frequency.  Typically  the  dielectric  may  slowly  charge  or 
discharge  during  the  simulation  run,  imitating  an  equilibrium  situation  in 
the  steadiness  of  the  current  values  obtained.  It  is  important  to  take  a 
detailed  look  at  the  available  history  information  to  determine  whether  a 
run  reached  an  equilibrium  state.  For  quick  inspections,  the  value  of  the 
total  charge  collected  by  the  dielectric  is  usually  the  most  sensitive 
indicator  of  equilibrium.  In  practice  it  has  been  difficult  to  run 
current-voltage  points  long  enough  to  arrive  at  an  equilibrium  value. 
Techniques  have  been  developed  to  make  the  calculation  come  into  an 
equilibrium  state  in  a reasonable  mm  “r  of  time  steps. 


t. 


One  way  to  reach  equilibrium  is  simply  to  ri*n  the  simulation  long  enough 
(many  plasma-  periods)  until  the  equilibrium-state  is  found-.  This  method  was 
tried  for  the  10x10  grid  with  500  particles  per  species.  A time  history  plot 
of  the  total  charge  on  the  dielectric  obtained  from  a 20,000  time  step  run 
made  at  10  volts  is  shown  in  figure  9.  Beginning  with  an  uncharged 
dielectric,  charge  accumulates  rapidly  for  about  the  first  15,000  time  steps. 
Due  to  the  uniformly  decreasing  value  of  the  slope  of  the  curve,  it  is 
difficult  to  determine  the-  onset  of  the  equilibrium  situat  ion. 

The  first  method  implemented  to  speed  the  approach  to  equilibrium  is 
based  upon  the  observation  that  the  dielectric  generally  charges  until  its 
potential  decreases  to  zero  (the-  voltage  is  lower  than  the  firs-t  crossover 
point  for  secondary  emission).  If  most  of  the  charge  needed  to  reach  zero 
potentials  is  added  during  the  initialization,  less  time  will  be  spent 
collecting  charge  during  the  run.  Effects  of  loading  the  dielectric  with 
different  amounts  of  charge  are  also  shown  in  figure  9.  All  runs  come  to  the 
same  equilibrium,  which  suggests  that  the  equilibrium  is  unique.  This  method 
of  decreasing  the  time  co  reach  equilibrium  proves  to  be  ineffective  at 
higher  voltages.  The  dielectric  must  collect  more  particles  to  charge  to  an 
equilibrium  value  than  are  added  at  the  boundaries  during  the  20,000  time 
steps  of  the  calculation. 

The  relationship  which  causes  the  simulation  to  approach  equilibrium 
slowly  is  contained  in  the  boundary  condition  imposed  upon  the  dielectric 
(equation  1).  The  leading  factor  of  the  thickness  of  the  dielectric  over  the 
dielectric  constant  is  usually  small  (in  the  previous  runs  we  have  used  a 
value  of  1/28  as  opposed  to  the  experimental  value- of  1/280  in  order  to  keep 
this  ratio  large  enough  to  be  somewhat  manageable).  The  small  value  of  6/e 
means  that  a large  amount  of  simulation  time  will  be  used  to  accumulate  this 
charge.  The  second  method  implemented  to  speed  up  the  approach  to  equilibrium 
was  the  introduction  of  artificially  high  values  for  6/e.  The  physical 
effects  of  increasing  6/e  can  be  thought  of  in  one  of  several  ways: 

1.  a decrease  in  the  capacitance  associated  with  the  dielectric — 

2.  an  introduction  of  an  artificial  dielectric  thickness 

3.  artificially  increasing  the  charge  collected  by  the  dielectric 

The  result  of  a 10  volt  run  with-  a 10x10  grid  of  500  particles  per  species  is 
shown  in  figure  10.  The  time  history  graph  of  the  total  charge  collected  by 
the  dielectric  sho^s  that  equilibrium  is  reached  after  about  500  time  steps 
for  a value  of  (6/6)’  set  to  1. 

The  artificial  value  of  (6/e)  roust  be  chosen  with  care.  If  the  value  is 
too  small,  equilibrium  still  will  not  be  reached.  If  the  value  is  too  large, 
the  potential  on  the  dielectric  will  vary  dramatically  with  the  collection  of 
only  small  numbers  of  particles  (one) . Assuming  a constant  charging  rate 
proportional  to  the  thermal  current  leads  to  the  following  expression: 


= C 


V 

(lt)(n)(T)1/2 


(4) 


where  V is  the  voltage  on  the  conductor,  At  is  the  time  step  value,  r|  is  the 
electron  density,  T is  the  electron  temperature,  and  C is  the  proportionality 


constant.  Substituting  values  of  the  other  variables  for  the  above  10  volt 
run  determines  C (.4824), 

The  artificial  value  of  (6/f.)  computed  with  the  above  equation  assumes 
the  number  of  particles  present  is  large  enough- so  that  non  physical  effects 
associated  with  the  granularity  of  change  collected  on  the  dielectric  do  not 
occur-.  In  practice,  the  value  of  (6/c)*  must  be  kept  small  enough-  that  the 
change  in  the  potential  on  the  dielectric  Surface  per  particle  impact  is  only 
a small  fraction  of  the  potential  applied  to  the  conductor  (1%).  The  upper 
l imi-t-  of  the  value  of  (S/s)  is  then  given  as  follows: 


M * 0.007S(dr)V 

W = <1 


where  dr  is  the  length  of  a grid  cell  and  q is  the  charge,  per  macroparticle. 


Comparison  with  Experiment 

The  resulting  current-voltage  curves  for  the  disk  and  dielectric 
configuration  are  shown  in  figure  11  for  a disk  radius  of  1.75  cm  and  a 
dielectric  radius  of  8.75  cm.  The  simulation  with  a mass  ratio  of  1:1 
collects  the  same  amount  of  current  as  the  plain  disk  (the  size  of  the 
exposed  conductor  is  the  same)  for  low.  voltages.  As  the  voltage  on  the 
conductor  is  raised,  a point  is  reached  where  the  current  collected  by  the 
disk  surrounded  with  dielectric  material  increases  compared  to  that  of  the 
plain  disk.  This  increase  in  collected  current  is  due  to  the  presence  of  the 
dielectric  and  occurs  when  the  dielectric  begins  to  come  to  an  equilibrium 
with  positive  potentials  near  the  conducting  disk.  The  dielectric  will  charge 
to  positive  values  when  the  average  number  of  secondaries  released  by  the 
impacting  primary  electrons  is  greater  than  one.  The  point  at  which  this 
occurs  is  determined  by  details  of  the  secondary  emission  yield  curve  for  the 
dielectric  and  by  the  energy  spectrum  of  the  primary  particles.  The 
calculated  current-voltage  characteristic  curve  shows  a current -enhancement 
beginning  at  a lower  voltage  than  that  found- in  the  experiment. 

Also  shown  in  figure  11  are  calculated  current-voltage  curves  for  mass 
ratios  of  4:1  and  100:1.  The  larger  mass  ratios  allow  the  surface  to  charge 
negatively  for  low  voltages.  The  negative  voltages  present  on  the  dielectric 
reduce  the  collection  of  electrons  by  the  conductor  for  low  voltages.  As  the 
voltage  on  the  conductor  is  increased,  the  surface  of  the  dielectric  begins 
to  become  positive,  as  in  the  1:1  mass  ratio  case.  From  this  point  on,  the 
current  remains  almost  unaffected  by  the  ion  mass  ratio.  These 
current-voltage  curves  show  qualitatively  correct  behavior  using  the  correct 
boundary  conditions. 


Variations  of  the  Secondary  Electron  Emission  Yield  Parameter 

The  effect  of  variations  in  a , the  maximum  number  of  electrons 
scattered  from  the  dielectric  surface  per  incoming  primary  electron,  upon  the 
current  voltage  curves  is  shown  in  figure  12.  The  voltage  of  the  onset  of 
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the  increase  in  collected  current  with  reference  to  the  plain  disk  decreases 
with,  increasing  a . The  increase  in  o lowers  the  energy  of  the  first 
crossover  for  secondary  emission.  Also,  the  number  of  secondaries  released 
for  energies  larger  than  the  first  crossover  point  increases.  Both  effects 
create  more  secondary  emission  at  lower  voltages  than  would  normally  be 
f und.  The  sensitivity  of  the  calculation  to  the  secondary  electron 
production  might  be  sufficient  to  allow  the’  measurement  of  the  yield  curve 
parameters  for  low  voltages  by  fitting  the  response  to  experimental  data. 

A detailed  examination  of  the  potential  present  along  the  top  of  the 
dielectric  during  a simulation  run  which  collected  more  current  than  that  of 
the  plain  disk  reveals  what  is  happening.  The  initial  condition  shown  in 
figure  13  for  time  step  zero  is  a fully  charged  dielectric}  the  potential  on 
the  dielectric  surface  is  zero.  This  would  be  realistic  if  the  voltage  on 
the  conductor  were  increased  siewly  from  a value  low  enough  that  the 
dielectric  surface  became  fully  charged.  As  the  simulation  proceeds,  the 
potential  upon  the  dielectric  remains  unstable,  but  positive  for  the  first 
6,000  time  steps.  After  the  equilibrium  situation  is  reached,  the  potential 
remains  constant  to  the  termination  of  the  run  after  20,000  time  steps.  The 
equilibrium  potential  over  the  dielectric  is  uniformly  positive  and 
decreasing  in  value  from  the  voltage  on  the  exposed  conductor  to  near  zero  at 
the  outside  edge  of  the  dielectric.  The  potentials  behave  as  if  they  have 
"snapped  over"  from  their  normal  near  zero  level.  This  resembles  the 
snapover  phenomenon  observed  in  experiments  with  solar  cell  arrays  (ref.  2). 
The  potential  upon  the  cover  slips  for  the  array  increased  from  values  near 
zero  below  100  volts  to  values  about  5t  volts  less  than  that  of  the 
interconnects  for  voltages  greater  than  about  200  volt&- 


CONCLUDING  REMARKS 


A cylindrical  particle-in-cell  plasma  simulation  code  applicable  to 
plasma  densities  encountered  in  low  earth  orbit  is  nearing  completion. 
Results  of  the  calculation  of  plasma  coupling  current  for  the  plain  disk  are 
in-  agreement  with  experiment  for  positive  voltages.  Any  deficiencies  in  the 
simulation  of  the  disk  and  dielectric  configuration  are  due  solely  to  the 
interactions  of  the  dielectric.  Techniques  have  been  developed  which  allow 
dielectric  charging  to  occur  at  PIC  time  scales.  The  current-voltage 
characteristic  curves  are  in  qualitative  agreement  with  experiment, 
indicating  that  for  these  voltage  ranges  charge  sticking  and  secondary 
emission  probably  adequately  describe  the  dielectric  interactions  with  the 
ambient  plasma.  The  amount  of  secondary  emission  from  the  dielectric  at  low 
voltages  during  the  simulations  needs  to  be  reduced  to  match  the  experimental 
current-voltage  characteristic  curve.  Calculations  using  large  ion  to 
electron  mass  ratios  are  made  possible  by  restricting  both  the  grid  size  and 
particle  number  and  simulating  the  mass  ratio  effects  by  moving  the  ions  once 
for  every  n time  steps.  The  square  root  of  the  desired  ion  to  electron  mass 
ratio  determines  the  value  of  n.  Further  computational  effort  is  required  to 
extend  the  range  of  the  disk  and  dielectric  simulations  to  higher  voltages 
and  larger  mass  ratios. 
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Figure  1.  - Simulation  grid. 
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Figure  2.  - Overview  of  simulation  code. 


Figure  3.  - Simulation  of  a free  plasma  - number  of  particles. 
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Figure  4.  - Simulation  of  a free  plasma  - average  kinetic  energy. 
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Figure  5.  - Approach  to  equilibrium  - plain  disk. 
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Figure  6.  - Comparison  with  experiment  - positive  voltage. 
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Figure  7.  - Comparison  with  experiment  - negative  voltage. 
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Figure  8.-  Large  mass  ratio  calculations. 
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Figure  9.  - Approach  to  equilibrium  - effects  of  loading  dielectric  with 
different  amounts  of  charge. 
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Figure  10.  - Approach  to  equilibrium  - effects  of  increasing  6/e. 
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Figure  11.  - Disk  and  dielectric  results. 
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Figure  12.  — Variations  in  secondary  emission  yields. 
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Figure  13.  - Snapover  effect  (potential  snapshots). 
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SURFACE  INTERACTIONS  ANO  HIGH- VOLTAGE  CURRENT  COLLECTION* 


M.  J.  Handel  1 and  l— Katz 
S-CUBED 

La  Jolla*  California  92033 


Spacecraft  of  the  future  will  be  larger  and  have  higher  power 
requirements  than  any  flown  to  date.  For  several  reasons,  it  is  desir- 
able to  operate  a high-power  system  at  high  voltage.  While  the  optimal 
voltages  for  many  future  missions  are  in  the  range  500-5000  volts,  the 
highest  voltage  yet  flown  is  ^100  volts.  (For  a proposed  solar  power 
satellite,  voltages  as  high  as  40  kV  have  been  mentioned.) 

S-CUBED,  under  contract  to  NASA/Lewis  Research  Center,  is  develop- 
ing the  NASCAP/LEO  (ref.  1)  code  to  embody  the  phenomenology  needed  to 
model  the  environmental  interactions  of  high  voltage  spacecraft.  In 
this  paper  we  will  discuss  some  aspects  of  the  interaction  between  a 
high  voltage  spacecraft  and  its  plasma  environment.  We  will  also 
describe  the  treatment  of  the  surface  conductivity  associated  with 
emitted  electrons.  Finally,  we  will  excerpt  some  simulations  by 
NASCAP/LEO  of  ground-based  high-voltage  interaction  experiments. 

ELASMA  INTERACTIONS 

Table  1 shows  two  representative  low-orbit  environments  compared 
with  a typical  geosynchronous  plasma.  The  low  orbit  plasma  is  far 
colder  and  denser,  resulting  in  a short  (^1  cm)  Debye  length.  The 
short  Debye  length  is  deceptive,  however,  as  a high  voltage  spacecraft 
will  expel  plasma  from  its  vicinity.  A better  estimate  (refs.  2-4)  of 
the  collection  distance  is  provided  by  the  Child -Langmuir  length 

°Cl  " (*e0/9)1/2  (4*/ee)174  n‘1/2  |<f,|3/4 

where  0 is  the  plasma  temperature  (eV) , <{>  the  surface  potential,  and 
n the  plasma  density.  This  expression  is  derived  by  equating  the 
plasma  thermal  electron  current  to  the  current  collected  by  a space- 
charge-  limited  planar  diode  operating  at  the  surface  voltage,  and 
solving  for  the  plate  separation.  As  shown  in  Table  1,  this  distance 
can  easily  be  many  meters  for  a kilovolt  bias.  It  follows  that  the 
"sheath  surface",  which  divides  the  high  voltage  region  from  relatively 
unperturbed-plasma . will  not  be  within  a few  Debye  lengths  of  the 


*This' work  supported  by  NASA/Lewis  Research  Center,  Cleveland,  OH, 
under  Contract  NAS3-23058.  
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spacecraft  surface  (thin  sheath  approximation),  nor  will  it  be  far 
distant  from  the  spacecraft  (orbit-limited  approximation),  but  it  will 
be  in  an  intermediate  regime  such  that  the— full  spacecraft  geometry 
must  be  taken  into  account. 


TABLE  1. -TYPICAL  PLASMA.  PARAMETERS  FOR  LEO  AND  GEO 


GEO 

LEO 

LEO 

(Typical) 

(Low  Density) 

(High  Density) 

Density  (tn-3) 

10& 

1010 

1012 

Temperature  (eV) 

103 

0.3 

0.1 

Debye  Length  (m) 

235 

0.04 

0.002 

Electron  Thermal  Current 
(A/m2) 

10& 

10-* 

IQ"2 

Ram  Ion  Current  (A/m2) 

5x10-10 

10-5 

10-3 

Ion  (0+)  Mach  Number 

0.04 

6.0 

10.0 

Current  Collection 

Orbit 

Space-Charge 

Space-Charge 

dcl 

Limited 

Limited 
22  m at  1 kV 

Limited 
3 m at  1 kV 

Currents  to  a large  spacecraft  are  indicated  schematically  in  fig- 
ure 1.  The  primary  current  to  the  negative  surfaces^  consists  of  ram 
ions,  while  the  positive  surfaces  collect  thermal  electrons.  As  the 
ram  ion  current  is  only  about  one-tenth  the  electron  thermal  current, 
the  spacecraft  will  float  about  90  percent  negative.  However,  for  high 
bias  the  ion  current:  will  be  enhanced  by  ion-generated  secondary  elec- 
trons. An  additional  source  current  to  negative  surfaces  is- charge 
blowoff  from  arc  discharges.  As  discussed  elsewhere  in  this  volume 
(refs.  5-7),  discharges  on  solar,  arrays  have  been  observed  for  negative 
biases  as  low  as  ^'250  V. 


Figure  1.  A high-voltage  spacecraft  collects  ions 
and  electrons  from  a plasma. 
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Positive  surfaces  attract  plasma  electrons,  and  the  resultant 
secondary  electrons  form  a conductive  layer  over  the  surface,  as  dis- 
cussed below.  Due  to  8moothing_of  voltage  grad-ients  provided  by  this- 
effect,  positively  biased  array  surfaces  are  much  less  likely  to  arc 
than  negatively  biased  surfaces. 

The  plasma  currents  collected  by  array  surfaces  constitute  a para- 
sitic current  through  the  array.  The  effects  of  this  parasitic  current 
on  array  operation  were  discussed  at  the  1978  Spacecraft  Charging  Tech- 
nology Conference  by  Domitz  and  Kolecki  (ref.  8).  As  shown  in  figure 
2a,  solar  cells  maintain  a nearly  constant  voLtage  up  to  a maximum 
current.  When  this  current  is  exceeded  the  voltage  drops  sharply  to 
zero.  Clearly,  it  is  advantageous  to  operate  as  closely  as  possible  to 
the  solar  cell's  power  peak  (figure  2b).  Figure  3a  illustrates  that 
plasma  current  is  collected  in  a distributed  fashion  over  the  array. 

The  parasitic  current  at  any  point  of  the  array  is  the  integral  of  the 
plasma  current  density.  Figure  3b  shows  a case  in  which  a relatively 
small  parasitic  current,  when  added  to  the  load  current,  shorts  out  the 
central  portion  of  the  array. 

THE  NASCAP/LEO  CODE  — 

NASCAP/LEO  is  being  developed  to  predict  self-consistently  surface 
potentials,  collected-  currents,  and  spatial  electric  fields  for  high 
voltage  spacecraft  in  dense  plasmas.  While  much  of  the  code's  algo- 
rithmic structure  is  adapted  from  the  widely  used  NASCAP  code  (ref.  9), 
NASCAP/LEO  also  contains  several  noteworthy  features  necessary  for 
modeling  the  intended  physical  regimes. 

NASCAP/LEC  has  NASCAP-like  object  definition  routines.  Like 
NASCAP,  the  object  is  contained  in  a primary  grid  (figure  4),  which 
may  be  surrounded  by  one  or  more  outer  grids  with  successively  doubled 
mesh  spacing.  Enhancements  include  the  ability  to  put  mirror  planes 
coincident  with  one  or  more  of  the  inner  grid  boundary  planes,  and  to 
include  subdivided  regions  in  the  primary  grid  in  order  to  resolve 
small  but  important  object  features. 

Space  charge,  which  is  typically  ignored  in  NASCAP,  is  treated  by 
NASCAP/LEO  as  a local,  nonlinear  function  of  potential.  Presently  the 
function  is  taken  to  be 

P = -(e04>MD)2  U + /ft  (4»/B)3/2j‘1 

A particularly  important  enhancement  in  NASCAP/LEO  is  the  ability 
to  apply  either  potential  or  normal-electric-field  boundary  conditions 
to  each  surface  cell.  The  field  condition  is  used  for  cells  whose 
potential  is  governed  by  emission  of  low  energy  electrons  (see  below). 

To  calculate  plasma  currents,  NASCAP/LEO  defines  the  sheath  sur- 
face as  a specified  equipotential , and  tracks  representative  particles 
inward.  The  current  represented  by  each  particle  is  determined  taking 
into  account  ram  effects  as  well  as  the  local  plasma  density  and  tem- 
perature. Care  is  taken  not  to  generate  sheath  particles  in  regions 
from  which  plasma  is  excluded  by  high  fields  or  by  nearby  object  sur- 
faces. Thus  NASCAP/LEO  determines  the  ion  and  electron  currents  to  an 
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CURRENT  IfiMPSi 

Figure  2a.  Solar  cell  voltage  versus  current,  according  to 

Domitz  and  Kolecki  (ref.  8). 


CURRENT  WNPS1 

Figure  2b.  Solar  cell  power  delivered  to  load  versus 
current,  according  to  Domitz  and  Kolecki  (ref.  8). 
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Figure  3a Plasma  current  density,  f(V),  to  a 
solar  array  (schematic). 


Total  array  current  as  a function  of  voltage 
(solid  line;  schematic),  consists  of  load  cur- 
rent, V0/Ri , plus  parasitic  current.  For  this 
case,  a substantial  part  of  the  array  will  be 
shorted  out. 


Figure  4.  NASCAP/LEO  grid  structure,  showing  primary  grid  (shaded), 
outer  grid,  and  locally  subdivided  regions. 

object,  as  well  as  the  distribution  of  current  over  the  object. 

ELECTRIC  FIELD  BOUNDARY  CONDITIONS 

For  electron  attracting  insulating  surfaces  dominated  by  secondary 
electron  emission,  NASCAP/LEO  sets  an  electric  field  boundary  condition, 
such  that  the  incident  electron  current  is  balanced  by  a net  outflow  of 
secondaries  to  neighboring  Surfaces.  The  derivation  of  electron  hop- 
ping conductivity  has  been  presented  elsewhere  (refs.  10-11),  but  we 
repeat  it  here  for  completeness,  then  proceed  to  derive  the  electric 
field  boundary  condition. 

Assume  a surface  has  an  electron-attracting  (positive)  surface- 
normal  component  of  electric  field,  E| , and  emits  a low  energy  elec- 
tron current  -Je(A/m2) . These  electrons  travel  in  parabolic  orbits, 
with  '‘flight  time",  T,  given  by 

x - 2 [ 2m<e>/e  E2]1/2 

where  m is  the  electron  mass  and  <e>  is  the  (appropriately  averaged) 
electron  energy.  These  electrons  form  a charge  density  (coul/m2) 
given  by  -Jet . This-  surface  charge  layer  will  be  accelerated  by  any 
transverse  electric  field,  E(|,  to  a mean  velocity  of  -e  E()T/2m,  and  thus 
constitutes  a surface  current,  K (A/m)  given  by 

K « (-Jet2/2)(-e  E„/m)  M Je  E„<e>/E2  = 0||  E„ 

The  last  relation  defines  the  transverse  conductivity,  o „ (ohms"5). 

To  derive  the  electric  field  boundary  condition,  we  further 
assume  that  the  emitted  current  is  proportional  to  the  incident  cur- 
rent, Jin  : 


Je  " 


■Y  J. 


in 
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Current  balance  requires  that 
Jin  * v*Ki  «2.|)  • 

Since  the  previous  derivation  assumed  uniform  fields,  it  is-  na  further 
approximation  to  remove  o ,,  from  the  divergence,  giving 

Jin ...»  I ^(-Y  J.n)  <£>/£*]  (V-E()>  . 

The  incident  current  cancels  from  the  above  equation,  which  may  then 
be  solved  for  the  desired  condition: 

Ej_  - 1-4  Y<e>  (V-E,,)]1^  . 

ILLUSTRATIVE  CALCULATIONS 

To  illustrate  the  type  of  information  obtainable  from  the  NASCAP/ 
LEO  code  we  present  results  from  three  previously  published  simulations 
of  laboratory  experiments.  For  more  details  we  refer  the  reader  to  the 
original  publications  (refs.  1,  2,  12). 

Early  NASCAP/LEO  calculations  were  restricted  to  potentials  about, 
and  current  collection  by,  surfaces  of  known  potential.  McCoy  and 
Konradi  (ref.  3)  reported  at  the  1978  Spacecraft  Charging  Technology 
Conference  experiments  on  a biasable  metal  strip,  about  10  meters  long, 
mounted  on  insulating  plastic.  Figure  5 shows  sheath  trajectories  for 
cases  in.  which  the  metal  strip  was  linearly  biased.  The  four  cases  are 
0-600  V,  0-1200  V,  0-2400  V,  and  0-4800  V.  The  shape  of  the  sheath,  as- 
indicated,  by  the  plotted  trajectories,  is  in  agreement  with,  observations 
by  low-light-Tevel  television^  Also,  the  calculated  and  measured  cur- 
rents -are  in  good  agreement. 

NASCAP/LEO  was  later  improved  to  predict  the  spread  of  high 
voltages  onto  insulating  surfaces.  N.  John  Stevens  (ref.  13)  reported 
experiments  in  which  a 3.5  cm  diameter  biased  metal  disk  (figure  6) 
was  surrounded  by  either  grounded  metal  or  by  kapton,  and  the  collected 
current  was  measured.  For  the  "plain  disk"  case  (figure  7)  agreement 
was  excellent.  The  Disk-on-Kapton  case  (figure  8)  is  far  more  diffi- 
cult, as  the  kapton  enhances  collected  current  at  high  bias  voltage, 
and  suppresses  it  at  low  voltage.  While  the  simulation  results  were 
in  fair  agreement  at  high  bias,  both  for  collected  current  and  insula- 
tor surface  voltage  (figure  9)  they  did  not  predict  the  low  voltage 
current  suppression.  This  was  because  the  charging  algorithm  at  the 
time  was  unable  to  predict  negative  charging  of  the  kapton  surfaces. 

A similar  experiment  was  reported  by  S.  Gabriel  et  al . (ref.  15), 
who  used  an  emissive  probe  to  measure  the  electrostatic  potential  in 
the  plasma  over  a biased  "pinhole".  The  computer  model  (figure  10) 
made  use  of  the  NASCAP/LEO  subdivision  capability  to  get  good  spatial 
resolution  in  the  neighborhood  of  the  pinhole.  For  negative  bias 
(figure  11)  agreement  was  excellent.  Fairly  good  agreement  was  also 
obtained  for  positive  bias  (figure  12),  although  the  experiment  showed 
more  distinction  between  two  different  plasmas  than  the  calculations 
predicted.  Good  agreement  was  achieved  as  well  for  the  collected 
currents.  This  latter  calculation  showed  the  utility  of  the 
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twice  scale);  0-1200  volts  (upper 
*er  left) ; and  0-4800  volts  (lower 


8 * 1 ev 

Eigure  6.  Plain  disk  experiment  - tests  treatment  ot  external  poten- 
tials and  currents;  disk-on-kapton  experiment  - tests  treat- 

ment  of  insulator  charging  (from  ref.  13). 


V (volts) 

Figure  7.  Current  collected  by  d biased  disk  surrounded  by  grounded 

metal.  The  dashed  curve  is  a prediction  by  a two-dimensional 
particle-in-cell  code  (ref.  14). 
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Figure  8.  Current,  collected  by  a biased  disk  surrounded  by  kapton. 

For  high  bias,  NASCAP/LEO  correctly  predicts  current  en- 
hancement (relative  to  the  plain  disk).  For  low  bias 
current  is  suppressed  due  to  accumulation  of  negative 
charge  on  the  kapton.  At  the  time  of  the  calculation  the 
NASCAP/LEO  charging  algorithm  did  not  predict  negative 
floating  potential  for  insulators. 


V (volts) 


Figure  9 


[■  »[-  — Kapton  ■[ 

Applied  Ground 

Potential 


For  high  bias,  NASCAP/LEO  is  in  good  agreement  with 
experiment  (inset)  concerning  the  spread  of  high 
voltage  onto  the  insulator. 


Figure  10.  NASCAP  model  of  biased  pinhole  experiment,  showing  sub- 
grid resolution  of  insulator  surrounding  1.27  cm  pinhole 
(central  black  area).  The  major  grid  resolution  is 
1.46  cm, and  the  subdivided  region  resolution  is  0,29  cm. 


Figure  11.  Potentials  on  axis  for  0.64  cm  diameter  pinhole  at 

-452  V.  Solid  line:  Calculated  with  kapton  at  0 volts; 

Points:  Experiment. 
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Figure  12.  Potentials  for  1.27  cm  diameter  pinhole. 

Solid  curves:  Calculation. 

Dashed  curves:  Experiment. 

Upper  curves:  ne  = 2.5  x 107  cm"-*,  0 = 5.3  eV. 
Lower  curves:  ne  = 5.8  x 10  cm“3,  6 = 4.0  eV. 


subdivision  capability,  and  validated  our  electric  field  boundary  con- 
dition model  for  the  secondary  electron  layer. 

FUTURE.  DEVELOPMENT 

We  plan  to  develop  NASCAP/LEO  for  use  aa  a reliable  design  tool. 
Among  the  planned  improvements  are  prediction  of  spacecraft  floating 
potential,  treatment  of  sheath  ionization,  improved  r am- wake  model , 
generalization  to  full  NASCAP  geometry,  and  self-consi stent  power  sys- 
tem representation.  Validation/ improvement  cycles  will  continue  at 
each  stage,  aided  by  both  ground-based  and  space-based  experiments. 
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THE  PUUIL  EXPERIMENT:  AN  OVERVIEW 

Carolya  K.  Purvis 

National  Aeronautics  and  Space  Administration 
Lewis.  Research  Center 
Cleveland,  Ohio  44135 


The  second  Plasma  Interactions  Experiment  (PIX-11)  was  launched  In  Janu- 
ary 1983  as  a piggyback  on  the  second  stage  of  the  Delta  launch  vehicle  that 
carried  IRAS  Into  orbit.  Placed  In  a 870-km  circular  polar  orbit,  It  returned 
18  hr  of  data  on  the  plasma  current  collection  and  arcing  behavior  of  solar 
array  segments  biased  to  ±1000  V In  steps.  The  four  500-cm2  solar  array 
segments  were  biased  singly  and  In  combinations.  In  addition  to  the  array 
segments  PIX-II  carried  a sun  sensor,  a Langmuir  probe  to  measure  electron 
currents,  and  a hot-wire  filament  electron  emitter  to  control  vehicle  poten 
tlal  during  positive  array  bias  sequences.  Like  Its  predecessor,  FIX- I, 

PIX-II  was  designed,  built,  and  tested  at  the  NASA  Lewis  Research  Center. 

This  paper  provides  an  overview  of  the  PIX-II  experiment  from  program  and 
operational  perspectives. 


INTRODUCTION 

Most  US.  spacecraft  to  date  have  used  low-voltage  solar  arrays,  generat- 
ing power  at  ~30  V.  The  highest  voltage  array  flown  by  NASA  was- on  Skylab, 
which  had  an  array  voltage  of  70  to  115  V and  generated  16  kw  of  power.  Space 
stations  and  other  large  future  systems  will  require  Increasing  power  genera- 
tion capability.  As  power  levels  Increase,  the  weight  and  I2R  power  loss 
penalties  for  maintaining  low  solar  array  voltages  Increase  dramatically 
(refs.  1 to  3).  Power  systems  generating  hundreds  of  kilowatts  are  required 
for  such  missions  as  the  space  station.  At  these  power  levels,  voltages  of  at 
least  a few  hundred  volts  are  required  to  reduce  Internal  resistive  losses 
within  the  array  and  to  reduce  the  wiring  harness  mass  required  to  transport 

the  power.  This  need  to  operate  at  higher  voltages  has  spurred  evaluation  of 

high-voltage  solar  array  operation  In  space. 

Solar  array  systems  consist  of  strings  of  solar  cells  with  metallic  Inter- 
connects between  them.  These  Interconnects  are  at  voltages  that  depend  on 
their  positions  in  the  array  circuit  and  are  usually  exposed  to  the  environ- 
ment. When  these  Systems  are  placed  In  orbit,  they  will  Interact  with  the 
naturally  occurring  space  plasma.  Two  types  of  potentially  hazardous  Inter- 
actions to  an  Isolated  solar  array  In  orbit  are  presently  recognized:  power 
loss  from  parasitic  currents  through  the  plasma,  and  arcing.  Both  of  these 
Interactions  are  plasma  density  dependent  and  present  greater  hazards  at 
higher  densities.  The  low  temperature  Ionospheric  plasma  has  a peak  density 
(of  ~106  particles/cm3)  at  about  300-km  altitude  (ref.  4).  High-voltage 
system  - plasma  Interactions  will  therefore  be  most  severe  In  low  Earth  orbits. 

The  PIX-II  experiment  was  conducted  to  provide  flight  data  on  high-voltage 
solar  array  - plasma  Interactions.  These  data  are  being  analyzed  to  calibrate 
ground  simulation  results  and  to  guide  and  validate  modeling  efforts.  This 
paper  presents  the  background,  describes  the  experiment,  and  summarizes  the 
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operational  sequences  that  characterize  the  data  set-  The  following  papers 
describe  some  results  of  the  data  analysis. 


BACKGROUND 


investigation- of  Interactions  between  high-voltage  systems  and  thermal 
plasmas  was  begun  In  the  late  1%0‘s.  Experimental  work,  using  small  segments 
of  solar  arrays  and  Insulated  electrodes  with  pinholes  indicated  that  the 
presence  of  the  Insulators  caused  plasma  current  collection  phenomena  that 
departed  dramatically  from  the  predictions  of  Langmuir  probe  theory.  Experl 
ments  Indicated  greatly  enhanced  election  collection  at  voltages  In  excess  of 
about  +15D  V and  arcing  on  solar  array  segments  biased  several  hundred  volts 
negative  with  respect  to  plasma  ground.  Concern  for  the  Implications  of  these 
results  for  high-voltage  systems  In  orbit  prompted  the  development  of  the 
SPHINX- (Space  Plasma  High  Voltage  Interactions  Experiment)  satellite  (ref.  5). 
SPHINX  was  launched  In  early  1974  but  failed  to  attain  orbit  due  to  a launch 
vehicle  malfunction. 

After  the  loss  of  SPHINX,  the  attention  of  the  environmental  Interactions 
community  was  for  several  years  focused  on  Investigating  spacecraft  charging, 
an  Interaction  that  had  been  found  to  be  hazardous  for  geosynchronous  space- 
craft and  was  Intensively  studied  by  NASA  and  the  Air  Force.  In  the  late 
1970's,  Interest  In  high-voltage  Interactions  again  Intensified,  and  their 
study  was  resumed  under  the  auspices  of  the  joint  NASA/USAF  Environmental 
Interactions  Technology  Investigation  (ref.  6).  The  ground  technology  program 
utilizes  the  experimental  facilities  at  NASA  and  USAF  centers  and  builds  on 
the  modeling  capabilities  developed  during  the  spacecraft  charging  Investiga- 
tion, as  well  as  using  the  earlier  high-voltage-study  results  (refs.  7 to  12). 
The  goal  Is. to  develop  guidelines  and  analytical  tools  to  guide  the  design  of 
large  high-voltage  systems  In  Earth  orbit.  The  approach  Is  to  perform  experi- 
ments and  develop  models  In  an  Interactive  program  in  which  experimental 
results  are  used  both  to  guide  and  validate  the  models. 

The  ground  technology  programs  require  complementary  flight  experiment 
data  to  calibrate  the  ground-based  testing,  to  guide  and  validate  the  models, 
and  to  Investigate  experimental  conditions  not  obtainable  In  ground  facilities. 
The  first  such  data  were  obtained  by  the  Plasma  Interaction  eXperlment-l 
(PIX-I)  which  flew  In  March  1978  as  a piggyback  on  a second-stage  Delta  launch 
vehicle.  It  remained  with  the  Oelta  stage,  operating  In  a 900-km  circular 
near-polar  orbit  for  4 hr.  About  2 hr  of  data  were  returned  by  real-time 
telemetry.  The  mission  time  was  limited  by  the  lifetime  of  the  second-stage 
Delta's  telemetry  battery;  data  return  was  limited  by  the  real-time  recovery 
requirement.  The  PIX-I  results  verified  that  the  electron  collection  enhance- 
ment and  arcing  phenomena  observed  In  ground  tests  also  occur  In  space 
(ref.  13). 


THE  P1X-II  EXPERIMENT 
Objectives  and  Approach 

The  basic  objectives  of  the  PiX-II  experiment  were  to  acquire  flight  data 
for  use  In  calibrating  the  ground  simulation  facilities  and  In  developing  and 
validating  models.  Because  the  orbital  environment  cannot  be  duplicated  on 
the  ground,  flight  data  are  required  to  evaluate  the  effect  of  simulation 
Inadequacies  on  the  plasma  collection  and  arcing  response  of  solar  arrays.  Of 
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particular  concern  for  PI  X- 1 1 were  the  current  collection  and  arc  threshold 
behavior  of  array  segments  in  proximity  to  one  another. 

The  approach  chosen  was  to  divide  the  experimental  array  Into  four  Inde- 
pendently blasable  segments,  each  of  area  about  500  cm2.  These  were  biased 
In  a preprogrammed  sequence  In  various  combinations.  In  voltage  steps  to 
+1000  V.  Currents  collected  by  each  of  the  array  segments  were  measured  by 
electrometers.  A hot  wire  filament  electron  emitter  was  Included  to  avoid 
large  negative  potential  excursions  of  the  vehicle  during  high  positive  bias 
conditions  on  the  arrays.  A spherical  langmulr  probe  and  a sun  sensor  were 
Included  to  provide  plasma  diagnostic  and  orientation  Information.  The  package 
was  designed  as  a piggyback  experiment  to  remain  with  the  second  stage  of  a 
Delta  launch  vehicle. 


Experiment  System 

The  PI X- II  experiment  was  designed  and  built  at  Lewis.  The  design  was 
based  on- that  of  PIX-I,  with  a number  of  changes  Incorporated  to  Improve  the 
quality  and  quantity  of  data  obtained. 

PI X- 1 1 consisted  of  two  major  subassemblies:  the  electronics  enclosure 

box  and  the  experiment  plate.  These  were  located-  180°  from  each  other  around 
the  Delta's  circumference  (fig.  1). 

The  experiment  plate  (fig.  2)  was  91.4  cm  (36  in)  In  diameter,  truncated 
to  81.3  cm  (32  In)  at  the  top  to  fit  the  launch  vehicle.  The  four-segment 
solar  array,  48.3  by  40.6  cm  (19  by  16  In),  was  located  on  the  front  center  of 
the  plate.  The  134°  acceptance  angle  sun  sensor  was  located  5.7  cm  (2.25  In) 
above  the  solar  array  and  7.0  cm  (2.75  in)  to  the  left  of  center. 

For  thermal  control  the  space-facing  side  of  the  experiment  plate,  except 
for  the  arrays,  was  covered  with  a single  layer  of  2.5x10~3  cm  (1  mil)  alu- 
minized Kapton  coated  with  a black  conductive  paint  (Sheldahl  0113600),  black 
side  out.  This  sheet  was  attached  to  the  plate  with  Kapton  tape  and  stainless 
steel  screws,  the  latter  providing  electrical  grounding  for  the  black  coating. 

The  solar  cells  used  on  the  PIX-II  program  were  flight-qualified  cells 
Identical  to  those  used  on  other  flight  programs.  The  cells  were  2-  by  2-cm 
silicon  solar  cells  0.03  cm  (0.012  In)  thick  with  a bulk  resistivity  of 
10  ohm-cm.  The  coverslldes  were  type  7940  silica  0.05  cm  (0.020  In)  thick. 

The  cells  were  configured  In  segments,  each  consisting  of  19  series-connected 
submodules.  Each  submodule  consisted  of  six  parallel-connected  solar  cells. 
There  were  114  solar  cells  per  segment,  so  the  the  total  number  of  cells  flown 
was  456.  For  comparison,  24  Cells  were  flown  on  PIX-I.  The  peak  power  capa- 
bility of  the  solar  panel  was  25  W,  but  no  power  was  drawn  from  the  cells 
since  each  segment  was  shorted  from  one  end  to  the  other. 

Each  segment  was  mounted  on  a fiberglass  sheet.  All  four  segments  were 
bonded  with  polyurethane  adhesive  to  a 0.013-cm  (S-mll)  thick,  40.6-  by 
53.3-cm  (16-  by  21 -In)  Kapton  sheet  to  achieve  good  electrical  Isolation.  The 
Kapton  sheet  was  bonded  with  polyurethane  adhesive  to  a 0.95-cm  (0.375-1n) 
thick  aluminum  substrate  of  the  same  dimensions  as  the  sheet.  This  assembly 
was  bolted  to  the  experiment  plate. 


The  sun  sensor,  used  to  Indicate  the  test  array  orientation  relative  to 
the  Sun  was  a vertical  multifunction  solar  cell.  It  worked  Into  a fixed 
resistor  to  provide  a 0-  to  f-V  signal  whenever  the  Sun  was  within  Its  1349 
field  of  v4ew.  I-ts_1ocat Ion-on  the  experiment  plate  Is  shown  In  figure  2. 

The  electronics  enclosure  hox  (fig.  3)  was  a- rectangular  structure  50.4 
by  54.6  by  3Q.6  cm  (23  by  21.5  by  12  In).  It  housed  the  experiment  electron- 
ics and  battery  and  supported  the  deployable  Langmuir  probe  and  the  hot  wire 
filament  electron  emitter  probe.  The  outside  surfaces  of  the  box  were  covered 
with  a multilayer  Insulation  (MU)  blanket  of  0.00254  cm  (1  mil)  aluminized 
Kapton.  The  outer-facing  layer  was  Q.Q0254  cm  (1-mll)  aluminized  Kapton  cov- 
ered with  an  electrically  conductive  black  coating  of  Shetdahl  0113600,  black 
side  out.  The  MU  blanket  and  black  coating  were  electrically  grounded  with 
straps  connected  to  the  structure. 

lhe  interior  of  the  enclosure  box  consisted  of  three  stiffened  trays  of 
shelves  to  which  the  various  electronics  boxes  and  the  experiment,  battery  were 
attached. 

lhe  high-voltage  power  supply  provided  a programmable  voltage  to  the 
PIX-II  solar  array  experiments  via  the  electrometer  package.  It  was  program- 
mable to  provide  32  voltage  steps  from  0 to  1 kV.  It  accepted  24  to  32  V dc 
Input  to  a maximum  power  of  110  W and  outputted  0-  to  1-kV  positive  voltages 
at  80-mA  maximum  current  and  0 to  IkV  negative  voltages  at  4-mA  maximum 
current. 


The  PIX-II  electrometer  provided  four  Independent  channels,  one  for  each 
array  segment.  The  electrometer  floated  at  the  high-voltage  supply  potential 
and  measured  electron  currents  In  the  range  1 yA  to  80  mA  (positive  voltages) 
and  Ion  currents  of  0.01  yA  to  1.0  mA  (negative  voltages).  In  addition  to 
measuring  collected  plasma  currents,  the  electrometer  box  Incorporated  the 
high-voltage-array  switching  function. 

The  experiment  command  sequencer  and  data  multiplexer  unit  (SEQ/MULT) 
controlled  the  operational  configuration  of  the  experiment  while  collecting 
and  compiling  data  from  the  remaining  electronics  subsystems.  The  command 
sequencer  was  a read-only-memory-based  controller  that  was  preprogrammed  to 
the  desired  flight  sequence  before  launch.  After  executing  the  preprogrammed 
sequence  (8  hr,  53  min,  20  s after  turnon),  the  sequencer  cycled  to  the  start 
and  repeated  It.  The  data  multiplexer  collected  and  compiled  experiment  Infor- 
mation and  formatted  It  Into  a serial  stream  for  use  by  the  Delta  transmitter. 
The  SEQ/MULT  box  also  housed  the  data  storage  unit,  a solid-state  memory  that 
was  Included  to  ensure  full-orbit  data  coverage. 

The  power  control  unit  (PCU)  provided  power  conditioning,  control,  and 
distribution  for  PIX-II  and  Interfaced  to  the  Delta.  It  served  as  the  single- 
point ground  reference  for  the  experiment  and  provided  power  returns  to  each 
component.  The  PCU  box  also  housed  the  electronics  associated  with  the  hot- 
filament  emitter. 

lhe  battery  provided  power  to  the  entire  flight  experiment.  It  contained 
18  silver-zinc  cells  rated  at  1 5- Ah  capacity  In  a sealed  case. 

The  Langmuir  electronics  unit  operated  the  Langmuir  probe  to  provide  a 
measurement  of  plasma  density.  The  probe  voltage  could  vary  from  -20  to 
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♦110  V In  steps,  and  currents  In  the  range  10"®  to  10"*  A could  be  recorded. 

The  probe  voltage  stepped  through  Us  range  (in  5-  and.  1Q-V-  steps)  during 
probe  sweep*.  When  not  sweeping,  the  probe  voltage  was.  held  at  +50  V.  The 
Langmuir  probe  was  located  on  one  side  of  the  electronics  enclosure  box 
(figs.  1 and  3).  It  was  stowed  during  launch  and  deployed  90°  to  the  side  of 
the  box  after  the  Oelta^s  depletion. burn.  Overall  length  of  the  assembly  was 
71.1  cm  (28  In).  The  probe  Itself  was  a 1.9-cm  (3/4-ln)  diameter  aluminum 
sphere. 

Like  the  Langmuir  probe  the  hat-filament  emitter  was  attached  to  the 
electronics  box  and  deployable  by  using  an  Identical  release  mechanism.  It 
deployed  90°  from  the  face  of  the  electronics  box  (approximately  radially  out- 
ward from  the  Delta  vehicle).  The  filament's  purpose  was  to  emit  electrons  to 
neutralize  the  charge  collected  when  the  solar  arrays  were  at  high  positive 
bias  In  order  to  minimize  charging  of  the  Delta  vehicle  under  these  conditions. 

The  flight  hardware  underwent  thermal -vacuum,  vibration,  shock,  and  plasma 
testing  and  a functional  electrical  checkout  before  launch 

The  Flight 

PIX-II  was  launched  with  IRAS  on  Delta  launch  166  on  January  25,  1983,  at 
9:17  p.m.  e.s.t.  (01-26-83,  03:17  G.m.t.).  PIX-II  was  activated  at  03:28:20 
a.m.t.  on  January  26,  after  release  of  IRAS.  Lts  orbit  was  870  km  circular, 
100°  Inclination.  PIX-II  was  near  the  terminator  and  experienced  eclipse  con- 
ditions fur  about  8 min  per  103-mln  orbit,  near  the  north  pole.  Experiment 
duration  was  limited  by  the  lifetime  of  the  Delta  telemetry  battery  and  the 
experiment  battery.  Design  life  was  10  hr.  In  fact,  PIX-U  returned  about 
18  hr  of  data  as  both  real-time  data  and  memory  dumps.  The  experiment  oper- 
ated nominally  except  that  full  deployment  of  the  Langmuir  probe  was  uncertain. 
The  probe  was  released  f-rom  Its  stowed  position,  but  the  signal  Indicating 
latching  Into  the  fully  deployed  position  was  not  received.  The  attitude  of 
the  Delta  vehicle  was  variable  since  there  was  no  active  attitude  control. 

Data  Obtained 

Figure  4 summarizes  the  PIX-II  experimental  arrangement  from  the  “science" 
point  of  view.  The  four  array  segments  were  biased  Independently  In  various 
combinations  to  ±1  kV  In  steps  and  the  collected  currents  measured  In  a pre- 
programmed sequence.  Langmuir  probe  sweeps  were  done  periodically  as  part  of 
the  sequence.  The  emitter  was  activated  during  most  positive-voltage  scans, 
although  some  were  done  with  the  emitter  off  to  evaluate  Its 
effectiveness.  Electron  currents  of  10~7  to  10~3  a (positive  voltages)  and 
Ion  currents  of  10-8  to  10-3  A (negative  voltages)  were  recorded. 

The  voltage  bias  levels  used  were  0,  ±30,  ±60,  ±95,  ±125,  ±190,  ±250, 

±350,  ±500,  ±700,  and  ±1000  V.  These  were  stepped  through  sequentially  (e.g., 
0,  +30,  +60,  etc.).  Each  voltage  was  held  for  16  s for  most  voltage  scans, 
although  a few  used  32-s  steps.  Currents  In  each  electrometer  were  read  at 
2-s  Intervals. 

Table  I summarizes  the  array  bias  scans  and  Langmuir  probe  operations 
conducted  during  one  full  program  sequence,  over  a period  of  8 hr  53  min  20  s. 
Two  full  program  sequences  and  one  partial  sequence  were  completed  during  the 
flight.  For  clarity  of  presentation  the  array  segments  have  been  numbered  1 
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to  4,  from  left  to  right  in  the  view-depicted  In  figure  2.  The  first  column 
identifies  which  segments  were  being  biased.  Segments  not  biased  In  a given 
scan  were  electrically  floating.  Thus  an  entry  of  “l"  signifies  array  segment 
1 biased  and  segments  2,  3,  and  4 floating.;  an  entry,  of  "1  + 4"  signifies  seg- 
ments 1 and  4 biased  and  segments  2 and  3 floating,,  and  so  forth.  The  entry 
"Gradient"  refers  to  a special  mode  In  which  a constant  100-VLbias  difference 
was  maintained  between  adjacent  array  segments  during  a scaa.  In  this  case 
V-i  > V2  > V3  > V4  and  V1  - Vj  = 100  V,  (1.J)  = (1,2)  or  (2,3)  or  (3,4),  where 
the  subscripts  refer  to  segment  numbers.  All  four  arrays  were  biased  In  the 
gradient  mode.  The  number  of  scans  during  which  the  hot-wlre-f llameat  emitter 
was  activated  Is  a subset  of  the  total-number  of  positive  scans,  so  a table 
entry  of  "12  (101"  signifies  12  positive  bias  scans  of  which  10  were  done  with 
the  emitter  on. 

Langmuir  probe  scans  were  done  during  the  sequence  at  1/2-  and  1-hr  inter- 
vals, for  a total  of  11  scans  In  the  full  sequence.  During  scans  the  voltage 
was  stepped  from  -20  V.  to  *20  V In  5-V  Increments  and  then  from  *20  V to  +110  V 
In  10-V  Increments.  Each  voltage  up  to  50  V was  held  for  4s;  the  60- V level 
was  held  for  1 s;  and  the  remaining  voltages  for  2 s each.  Current  was  meas- 
ured at  1-s  Intervals.  The  array  segments  were  held  at  0 V during  most  probe 
scans,  and  at  30  V for  a few.  When  the  probe  was  not  scanning,  It  wns  held  at 
+50  V and  Its  current  was  monitored  at  2-s  intervals. 

At  high  negative  voltages  arcing  of  the  array  segments  was  anticipated. 

In  view  of  this  the  high-voltage  power  supply  was  shut  off  when  an  "overload" 
current  of  1 mA  of  Ions  was  reached.  The  original  design  Intended  the  power 
supply  to  recycle  back  to  voltage  in  2 s.  Last-minute  addition  of  a capacitor 
resulted  In  the  system's  being  unable  to  recycle  properly  at  high  negative 
voltages.  Thus,  when  an  arc  resulted  in  shutdown  of  the  power  supply,  the 
supply  generally  could  not  recycle  until  the  beginning  of  the  next  voltage 
scan.  For  example,  If  an  arc  resulted  In  shutdown  at  -500  V in  a given  scan, 
no  data  were  obtained  at  -700  or  -1000  V for  that  scan.  Tnls  has  resulted  In 
some  loss  of  data  for  the  negative-voltage  scans. 

Data  Analysis 

Results  of  data  analysis  activities  to  date  are  summarized  In  papers  by 
Grier  (ref.  14),  Ferguson  (ref.  15),  and  Roche  and  Mandell  (ref.  16).  Inter- 
pretation of  the  data  has  been  complicated  by  the  variable  and  uncertain  Delta 
attitude,  and  by  ram/wake  effects,  which  make  It  difficult  to  assess  local 
plasma  conditions  on  the  array. 

Data  analysis  efforts  to  date  have  focused  on  laboratory-flight  compari- 
sons (ref.  14)  and  ram/wake  effects  (ref.  15).  Findings  Include  evidence  for 
a tank  wall  effect  in  ground  testing;  less  effect  from  emitter  operation  In 
space  than  on  the  ground;  lower  than  expected  arc  threshold  voltages;  confir- 
mation that  arc  threshold  depends  on  plasma  density;  and  the  strong  Influence 
of  ram/wake  effects. 

Comparing  the  flight  data  with  predictions  of  the  NASCAP/LE0  code 
(ref.  16)  Indicated  a need  for  code  refinements.  Efforts  to  analyze  and 
Interpret  the  PIX-II  data  and  to  compare  them  with  ground  test  results  and 
model  predictions  are  continuing. 
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SUMMARY 


The  PIX-I.I  experiment  was  conducted  to  provide  flight  data  on  the  Inter- 
actions, between  high-voltage  sular  arrays  and;  space  plasmas.  Understanding 
these  interactions  is  critical  to  the  design  of  high-voltage  photovoltaic 
power  systems  for_  low-Earth-orblt  applications.  Flight  data  are  required  to 
calibi  ate_ground  simulations  and  to  guide  and  validate  interaction  modeling 
efforts.  The  PIX-I  experiment  flown  in  1978  returned  data  that  established 
that  the  current  collection,  and  arcing  phenomena  observed  In  ground  tests  do 
occur  In  orbit.  Like  Its  predecessor,  PLX-II  was  designed,  built,  and  tested 
at  the  NASA  Lewis  Research  Center,  and  flown  as  a piggyback  on  a second-stage 
Delta.-  The  data  set  recovered  is  far  more  extensive  than  that  from  PIX-I 
(18  hr  of  data  with  full  orbit  coverage  as  compared  with  1 hr  of  real-time 
data)  and  focused _on  the  crucial  solar  array  Interactions.  Analysis  and 
Interpretation  of  the  data  have  been  complicated  by  the  lack  of  well-defined 
attitude  information  and  the  influence  of  ram/wake  effects.  Several  signifi- 
cant results  have  been  obtained.  These  include  evidence  for  lower  arc  thresh- 
olds In  space  than  are  observed  on  the  ground;  confirmation  of  the  arc  thresh- 
old voltage  dependence  on  plasma  density;  and  evidence  for  tank  wall  effects 
at  high  positive  voltages.  Much  remains  to  be  done  to  evaluate  fully  the 
Information  contained  In  the  data  base  that  PIX-II's  successful  flight  has 
provided.  Data  analysis  and  Interpretation  are  continuing  along  several  lines. 
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TABU. I.  - P1X-II  £XiP£RIM£NI 


[One  full  program  sequence.] 


(a)  Array  bias  scans. (0  to  ilQGO  V) 


Segment. 

Number  of- 

Number  of 

positive 

negative 

voltage  scans* 

voltage  scans 

l 

12.  (10) 

8 

2 

9 

2+3 

8 

1+4 

9 

1 +2+3 

8 

1 +2+3+4 

10 

Gradient 

3 

(3) 

3 

(b)  Langmuir  probe  scans 


* -20  to  +110  V (11  per  sequence) 

• Held  at  +50  V when  not  scanning 


aNumber  In  parentheses  denotes 
number  of  scans  daring  which 
hot-wire- filament  emitter  was 
activated * 


N 8 5 -22  4 9 5 

PLASMA  INTERACTION  EXPERIMENT  U-4PIX  II):  LABORATORY  AND  FLIGHT  RESULTS 


Norman  T.  Grier 

NationaL  Aeronautics  and  Space  Administration 
Lewis  Research  Center 
Cleveland.,  Ohio  44T35 


The  Plasma  Interaction  Experiments  I and.  II  (PIX  Land  II)  were  designed 
as  first  steps  toward  understanding  Interactions  between  high-voltage  solar- 
arrays  and  the  surrounding  plasma.  PIX  LI  consisted  of  an  approximately 
2000- cm2  array  divided  into  four  equal  segments.  Each  of  the  segments  could 
be  biased  Independent  .'y  and  the  current  measured  separately.  PIX  II  was  tested 
la  the  laboratory  and  In  space. 

PIX  II  was  launched  on  January  25,  1983,  Into  a nearly  circular  polar 
orbit  and  attained  an  altitude  of  approximately  900  km.  It  was  launched  as  a 
piggyback  experiment  on  the  IRAS  spacecraft  launch.  It  remained  with  the  Delta 
rocket  second  stage  and  used  the  Delta's  telemetry  system.  Approximately  18 
hr  of  data  were,  received:  thls-was  the  life  of  the  Delta's  telemetry  battery. 

In  addition  to  the  solar  array  segments,  PIX  II  had  a hot-wire- filament 
electron  emitter  and  a spherical  Langmuir  probe.  The  emitter  was  operated  when 
the  array  segments  were  biased  posltlvel-y  above  125  V.  ThermaL  electrons  from 
the  emitter  aided  In  balancing  the  electron  currents  collected  by  the  array. 

This  paper  presents  laboratory  and  flight  results  of  PIX  II.  At  high 
positive  voltages  on  the  solar  array  segments,  the  flight  currents  were  approx- 
imately an  order  of  magnitude  larger  than  the  ground  test  currents.  This  Is 
attributed  to  the  tank  walls  In  the  laboratory  Interfering  with  the  electron 
currents  to  the  array  segments.  From  previous  tests  It  Is  known  that  the  tank 
walls  limit  the  electron  currents  at  high  voltages.  This  was  the  first  verifi- 
cation of  the  extent  of  the  laboratory  "tank  effect"  on  the  plasma  coupling 
current. 


INTRODUCTION 

The  Plasma  Interaction  Experiments  (PIX  I and  II)  are  part  of  a broad 
Investigation  by  the  Lewis  Research  Center  to  develop  design  guidelines,  mate- 
rials, devices,  and  test  methods  for  controlling  detrimental  Interactions 
between  high-voltage  systems  and  the  space  environment.  Systems  of  Interest 
Include  solar  arrays,  power  systems,  conductors  and  Insulators,  and  other 
exposed  components.  Surface-plasma  Interactions  Include  current  drains,  charge 
buildup  on  Insulators,  and  discharges  to  or  through  the  space  plasma. 

Future  satellites,  Including  space  stations,  will  require  operating  power 
from  tens  of  kilowatts  to  megawatts.  In  the  near  future  most,  If  not  all,  of 
this  power  will  be  generated  by  arrays  of  solar  cells.  To  keep  the  weight  of 
the  power  distribution  and  conditioning  components  to  a minimum,  the  arrays 
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will  have  to  operate  at  much  higher  voltages  than  the  100  V or  less  of  present 
arrays.  Previous  Investigations  (refs.  1 to  7)  have  shown  that  solar  arrays 
biased  at  voltages  greater  than  approximately  ISO  V positive  and  operating  in 
a plasma  like  that  of  the  lower  Ionosphere  attract  large  currents  of  electrons 
from  the  plasma  environment.  That  is,  the  electron  currents  are  enhanced  at 
these  voltages.  These  electron  currents  are  balanced  by  Ion  currents- attracted — 
to  other  portions  -of  the  spacecraft  that  are  negative  with  respect  to  space 
potential.  Thus  circuits  are  created  through  the  plasma  for  parasitic  cur- 
rents. Because  these  parasitic  currents  are  In  parallel  with  the  load  current, 
they  represent  power  losses. 

On  a spacecraft  operating  with  a negative-grounded,  high-voltage  solar 
array,  large  portions  of  the  spacecraft  surface  will  be  negative  with  respect 
to  space  plasma  potential.  This  Is  caused  by  the  difference  In  the  electron 
and  Ion  mobilities  and  the  requirement  that  electron  currents  to  the  spacecraft 
be  balanced  with  Ion  currents  (l.e.,  the  net  current  to  the  spacecraft  must  be 
zero).  Even  though  there  will  be  surfaces  at  relatively  high  negative  volt- 
ages, the  Ion  current  to  these  surfaces  will  be  low  and  therefore  will  not  be  a 

problem.  However,  there  are  other  adverse  effects.  On  laboratory  test  arrays 

biased  negatively  more  than  approximately  -250  V,  blowoff  arcing  discharges 
have  been  observed.  PIX  I (ref.  1),  which  was  launched  In  March  1978,  verified 

that  both  the  current  enhancement  for  positive  bias  and  the  arcing  for  negative 

bias  occur  In  flight.  The  present  paper  presents  results  from  the  second 
plasma  Interaction  experiment  (PIX  II). 

The  objective  of  the  PIX  II  flight  experiment  was  to  obtain  flight  data  on 
plasma  - solar  array  Interaction  phenomena  by  using  a much  larger  solar  array 
(2000  cm^)  than  the  one  flown  on  PIX  I (100  cm2).  These  Interactions  Include 
plasma  coupTtng  currents  and  negative  bias  arcing.  The  data  obtained  can  also 
be  used  to  caTIbrate  ground  test  facilities.  The  experiment  consisted  of  four 
Identical  array  segments  of  about  500  cm2  each.  Various  combinations  of  these 
segments  were  biased  over  a range  of  voltages  from  -1  to  1 kV.  A spherical 
Langmuir  probe  was  used  to  measure  local  plasma  densities.  As  expected,  a 
range  of  densities  was  encountered  during  each  orbit.  An  emitter  was  activated 
at  high  positive  voltages  to  prevent  the  whole  spacecraft  from  being  driven 
greatly  negative  by  the  large  electron  currents  collected  at  such  voltages. 

The  solar  arrays  were  voltage  biased  In  a preprogrammed  step  sequence. 

The  PIX  II  flight  package  consisted  of  the  2000-cm2  solar  array  panel 
mounted  on  a 91 .4-cm-dlameter  plate  that  was  truncated  to  81.3  cm  on  one  side, 
an  electronic:  enclosure  box  housing  all  of  the  electronics  hardware,  the  emit- 
ter, and  the  spherical  Langmuir  probe.  On  the  Delta,  the  electronics  enclosure 
box  was  mounted  180°  around  the  perimeter  from  the  solar  array  panel. 


EXPERIMENT  AND  PROCEDURE 

The  experimental  setup  Is  shown  In  figure  1.  Tor  positive  bias  each 
electrometer  could  measure  currents  from  10-7  to  10~2  A;  for  negative  bias  the 
range  was  10-8  to  10-3  A.  The  power  supply  was  capable  of  an  output  of  80  mA 
at  1000  V and  was  programmed  for  output  voltages  of  0,  +30,  ±60,  ±95,  ±125, 
±190,  ±250,  ±350,  ±500,  ±700,  and  ±1000  V.  Even  though  the  solar  array  seg- 
ments were  operated  Individually  and  In  combinations,  the  current  to  each  seg- 
ment was  always  measured  Individually. 
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The  PIX  II  telemetry  systems  operated  In  real  time.  However,  full  real- 
time  telemetry  ground  coverage  was  not  possible  with  the  limited  number  of 
ground  receiving  stations  available.  So  PIX  II  was  given  the  capability  of 
storing  data  for  68  min.  After  68  min  from  PIX  II  turnon,  the  old  data  were 
overwritten  continuously  at  a rate  of  64  bits/sec.  The  stored  daia  were  also 
read  continuously  at  a rate  of  512  bits/sec.  Both  the-stored  and  the  real-time 
data  were  transmitted  continuously.  With  this  system,  almost  full  orbit  cover = 
age  of  PIX  II  data  was  possible.  As  a precaution  against  a failure  of  the 
data  Storage  unit,,  the  sequence  was  preprogrammed  to  sweep  each  of  the  solar 
array  segments  at  least  once  positive  and  once  negative  In  view  of  a ground 
telemetry-receiving  station. 

The  emitter  was  a loop  of  0.02S-cm-d1ameter  tungsten  wire  connected  at  one 
end  to  spacecraft  ground.  It  was  activated  for  positively  biased  solar  array 
voltages  greater  than  125  V.  To  see  the  effect  of  the  emitter  on  the  results, 
some  voltage  cycles  were  operated  with  the  emitter  off.  The  emitter  was  mount- 
ed such  that,  when  deployed.  It  extended  71  cm  on  a boom  fastened  along  an 
edge  and  perpendicular  to  the  face  of  the  electronics  enclosure  box  (fig.  2). 
The  emitter  operated  with  no  accelerating  grid  as  a passive  thermonlc  emitter 
of  electrons.  The  positive  potential  of  the  plasma  relative  to  the  spacecraft 
served  to  draw  the  electrons  from  the  spacecraft. 

The  Langmuir  probe  was  used  to  determine  ambient  plasma  densities.  The 
probe,  a 1 .9-cm-dlameter  aluminum  sphere,  was  deployed  on  a 71-cm  boom.  It 
was  mounted  on  an  edge  of  the  enclosure  box  such  that  when  deployed  It  was 
tangent  to  the  Delta  (fig.  2).  (The  emitter  extended  radially  outward  from  the 
Delta  from  an  edge  of  the  enclosure  box  far  from  the  Langmuir  probe.)  During 
a Langmuir  scan  the  probe's  voltage  was  stepped  from  -20  to  110  V.  The  voltage 
was  stepped  in  5-V  Increments  from  -20  to  20  V and  in  10-V  Increments  from  20 
to  110  V.  When  not  being  scanned,  the  Langmuir  probe  was  held  at  50  V and  Its 
collection  current  monitored. 


GROUND  TESTS 

The  complete  flight  package  was  ground  tested  In  a plasma  environment 
before  the  flight  (fig.  3).  The  tests  were  performed  In  a 9-m-long  by  4-m- 
dlameter  vacuum  chamber.  The  solar  panel  and  the  electronics  enclosure  box 
were  mounted  back  to  back  In  the  center  of  the  chamber  perpendicular  to  Its 
centerline.  The  solar  panel  faced  opposite  to  the  deployed  emitter  probe. 
The  plasma  was  generated  by  four  plasma  sources:  two  mounted  at  least  2.5  m 
from  the  solar  array  and  two  mounted  at  least  2.3  m from  the  electronics 
enclosure  box. 


RESULTS  AND  DISCUSSION 

All  activities  on  PIX  II.  were  preprogrammed  to  occur  at  particular  program 
counts  In  a sequence.  Each  program  count  was  held  for  16  sec.  The  program 
count  timer  was  activated  at  PIX  II  turnon.  After  program  count  2047  (9  hr, 

5 min,  52  sec)  the  sequence  returned  or  "rolled  over"  to  program  count  0 and 
the  sequence  was  repeated.  Data  were  obtained  on  PIX  II  until  program  count 
248  after  the  second  rollover.  There  were  some  gaps  In  the  data  after  the 
first  rollover  because  of  less  ground  coverage  than  earlier  orbit  passes. 


Langmuir  Probe 


Typical  Langmuir  probe  current-voltage  curves  are  showr  In  figure  4.  The 
program  counts  shown  on  the  figure  are  for  the  beginning  of  each  sweep.  Each 
voltage  step  between  -20  and  50  V was  held  for  4 sec,  the  60- V-  level  was  held, 
for  1 sec,  and  all  others  were  held  for  2 sec  each,-  The  maximum  current  the 
Langmuir  electrometer  could  measure  was  1x10  ^-A.  This  limit  caused  the 
leveling  off  of  4he  current  shown  for  program  count  1343  In  figure  i. 

The  electron  plasma  densities  were  determined  from  the  electron  saturation 
region  of  the  curve  (fig.  5).  As  expected,  the  current  varied  quite  linearly 
with  voltage  above  30  V.  This  behavlor-was  typical  of  a 7 1 of  the  Langmuir 
sweeps , 

In  the  saturation  region  of  the  spherical  Langmuir  probe  characteristic, 
the  equation  for  the  Current  (ref.  8)  is 

1 = neA  (jis)1/2  (’  * It)  <’> 

where  V Is  the  voltage  measured  with  respect  to  the  plasma  potential,  e the 
electronic  charge,  k Qoltzmanns's  constant,  m the  mass  of  the  electron,  T 
the  temperature*  and  A the  area  of  the  probe.  Taking  the  derivative  with 
respect  to  voltage  allows  the  density  to  be  written  In  terms  of  the  slope  as 

n _ (IsmkLL^i  dl  m 

“ * ,.2  dV 


where  dl/dV  Is  the  slope.  The  electron  saturation  region  data  for  each  scan 
of  the  PIX  II  probe  were  plotted  as  In  figure  5 and  the  slopes  determined 
graphically.  Twenty-three  Langmuir  scans  were  made  during  the  life  of  PIX  II. 

To  find  the  density  at  times  when  the  Langmuir  probe  was  not  being  scan- 
ned, the  Langmuir  probe  current  at  a voltage  of  50  V and  the  density  at  program 
count  878  were  used  as  references.  It  was  assumed  that  the  Langmuir  probe 
current  at  50  V varied  In  proportion  to  the  density.  The  density  at  any  pro- 
gram count  was  found  from 


n = I (n/I)pc878;50v 

where  n and  I are  the  density  and  Langmuir  probe  current  at  50  V,  respec- 
tively. In  using  this  equation,  care  was  exercised  that  the  spacecraft  grcund 
voltage  remained  constant.  This  was  achieved  by  limiting  the  use  of  this 
equation  to  program  counts  where  the  applied  voltage  to  the  solar  array  was 
less  than  60  V.  It  was  felt  that  voltages,  In  this  range  were  low  enough  that 
the  currents  collected  by  all  of  the  exposed  grounded  metallic  surfaces  on  the 
Oelta  would  be  enough  to  balance  the  currents  collected  by  the  solar  array 
without  driving  the  Delta's  ground  potential  negative.  This  method  was  used 
to  estimate  the  ambient  plasma  densities  for  the  flight  results  presented 
herein. 


Plasma  density  varied  as  much  as  two  orders  of  magnitude  during  an  orbit 
(fig,  6).  Revolution  8 (fig,  6(h))  had  the  most  uniform  density.  Even  here 
the  variation  was  more  than  an  order  of  magnitude.  Although  large  variations 
over  the  Holes  were  expected,  the  density  elsewhere  was  expected  to  he  more 
uniform.  Some  of  the  oonunlformlty  was  caused  by  the  Langmuir  probe  being  In 
the  ram  or  wake  of  the  Delta,  as  shown  In  reference  9. 


Emitter  Operation 

The  emlcter  was  operated  for  positive  biases  of  125  V and  higher  on  the 
solar  array  segments.  Since  there  were  no  accelerating  grids  on  the  emitter, 

It  emitted  electrons  only  when  the  spacecraft  ground  potential  became  negative 
with  respect  to  plasma  potential. 

The  emitter  operation  was  first  tested  In  the  laboratory.  The  PIX  II 
flight  package  was  mounted  so  as  to  float  electrically  In  the  vacuum  chamber. 

As  In  flight  the  PIX  II  was  operated  In  a plasma  environment.  The  emitter-on 
currents  (fig.  7(a))  were  approximately  an  order  of  magnitude  larger  than  those 
for  emitter-off  operation.  The  results  shown  *or  the  einltter-on  operations 
compare  very  closely  to  those  obtained  when  the  PIX  11  structure  was  grounded 
to  the  tank  walls.  From  this  It  was  concluded  that  the  emitter  kept  the  PIX  II 
flight  package  near  tank  ground  potential. 

In  flight  (fig.  7(b))  the  emitter-on  current  was  approximately  five  to 
six  times  larger  than  the  emitter-off  current.  This  difference  is  smaller 
than  that  observed  In  laboratory  tests.  In  flight  the  solar  array  segments 
were  operated  at  different  times  In  different  locations.  Thus  the  smaller 
effect  observed  In  flight  as  compared  with  ground  tests  may  have  been  caused 
by  the  difference  In  the  densities  during  operation  of  the  segments. 

The  Langmuir  probe  current  was  very  sensitive  to  emitter  operation  both 
In  the  laboratory  and  In  flight  (fig.  8).  The  voltage  on  the  Langmuir  probe 
was  50  V.  With  the  emitter  off,  the  Langmuir  probe  collected  Ions  with  a bias 
of  200  V or  greater  on  the  solar  array  In  the  laboratory  tests  and  350  V or 
greater  In  flight.  This  Implies  that  the  spacecraft  floated  at  least  50  V 
negative  In  this  voltage  range.  Even  with  the  emitter  on,  the  Langmuir  probe 
dropped  about  an  order  of  magnitude  when  the  voltsge  on JJhft_array  was  Increased 
to  1000  V. 

For  the  emitter  to  operate  properly,  the  spacecraft  must  float  negatively 
with  respect  to  plasma  ground.  The  floating  potential  (fig.  9)  was  found  from 
the  following  procedure: 

(1)  The  Langmuir  probe  current- voltage  characteristic  curve  was  deter 
mined  with  the  solar  array  segments  at  zero  voltage. 

(2)  The  corresponding  voltage  was  found  by  using  the  Langmuir  probe 
current  reading  when  the  solar  array  segments  were  at  the  applied  voltage  and 
the  Langmuir  probe  current-voltage  characteristic  curve  from  step  1. 


(3)  This  voltage  minus  50  V was  assumed  to  be  the  floating  potential. 


The  floating  potential  U a function  of  the  ambient  density  and  the 
applied  voltage  to  the  solar-  array  segments.  Since  each  set  of  segments  wa.s 
operated  In  different  parts  of  the  flight,  each  had  a different  density  envi- 
ronment. The  sets  of  segments  therefore  could  not  be  compared  directly.  How 
ever,  the  trend  Is  obvious  from  figure  9,  namely,  higher  positive  solar  array 
voltages  produce  higher  negative  floating  potentials  on  the  spacecraft.  Ln 
general,  the  floating  potential— increased  almost  linearly  with  applied  solar 
array  voltage  after  snapovtr. 


Solar  Array  Positively  Biased 

Since  the  laboratory  and  flight  plasmas  for  solar  array  segments  posi- 
tively biased  to  1000  V had  different  densities  and  temperatures,  corrections 
were  made  to  the  flight  results  for  direct  comparison  with  the  laboratory 
results  (fig.  10).  If  we  assume  that  the  currents  to  the  solar  array  segments 
vary  linearly  with  V,  eV/kT- » 1,  and  If  Iq.  Tq,  and  ng  are  known  current, 
electron  temperature,  and  density,  respectively,  at  one  plasma  condition,  the 
current  I at  any  other  temperature  T and  density  n can  be  found  by  using 
the  spherical  probe  equation  (1). 


Equation  (4)  was  used  to  compute  the  flight  values  in  figure  10  by  using  the 
laboratory  values  of  kT  = T-.8  eV,  n = 3.4xl03  cm-3,  and  flight  values  of 
ng  = 3.0xl03ykT  for  solar  array  segments  2 and  3 and  ng  = 5.5xl03  ykTg 
for  solar  array  segments  1 to  4.  The  ng  is  the  flight  result  determined  from 
the  Langmuir  probe  readings.  So  the  two  flight  curves  In  figure  10  are  the 
values  the  flight  data  would  have  had  It  the  flight  ratio  n/yTcT  had  had  its 
laboratory  value. 

In  figure  10  It  appears  that  the  laboratory  currents  are  truncated  above 
200  V.  This  Is  caused  by  the  tank  wall  Interfering  with  the  current  collec- 
tion. The  calculated  sheath  at  a voltage  of  200  V at  these  plasma  conditions 
extends  approximately  1.6  m from  the  solar  array.  This  Is  beyond  the  tank 
wall.  Thus  this  verifies  the  hypothesis  that  sheath-wall  Interactions  occur 
during  laboratory  tests  at  high  voltages  and  limit  the  current  collection. 

The  flight  data  for  solar  array  segments  2 and  3 (fig.  10)  show  that 
current  increased  slightly  less  than  linearly  with  voltage  for  voltages  greater 
than  approximately  350  V.  This  was  as  expected  since  for  an  Inflnl*.  flat 
plate  the  current  would  be  a constant  and  for  a plane  small  compared  with  the 
Debye  length  It  would  vary  linearly.  This  array  was  between  these  sizes.  The 
current  for  all  four  segments  varied  even  more  slowly.  This  Is  also  In  agree- 
ment with  rough  expectations. — 

Another  set  of  curves  for  the  total  current  collected  by  one,  two,  and 
four  array  segments  (fig.  11)  also  shows  that  the  current  Increased  almost 
linearly  with  voltage  above  about  350  V.  It  Is  tempting  to  compute  an  area 
effect  from  this  ?Agure.  However,  It  Is  not  known  whether  the  array  was  In 
the  ram,  the  wake,  or  neither  when  each  of  these  sets  of  array  segments  was 
activated.  Also  it  Is  net  known  whether  the  ambient  densities  were  the  same 
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during  these  times.  The  density  can  vary  by  over  two  orders  of  magnitude  over 
an  orbit  (fig.  6).  These  facts  prevent  a definite  determination  of  the  area 
effect. 


Solar  Arwy  Negative ly_Blased 

Themaxlmum  total  steady  current  measured  for  negative  biases  on  any  of 
the  sets  of  array  segments  was  approximately  5 uA.  This  level  of  current  does 
not  pose  a problem  for  operation  of  high-voltage  solar  arrays  In  space.  The 
problem  associated  with  negative  bias  Is-the  probability  cf  arcing.  During 
arcing,  there  are  high  surges  of  current  through  the  array.  These  surges  reach 
levels  of  ml 111 amperes  and  higher.  In  both  ground  and  flight  tests,  once 
arcing  begins.  It  continues  through  the  higher  (more  negative)  voltage  levels. 
In  fact,  the  arcing  becomes-more  frequent  and  Intense  at  the  higher  voltage 
levels. 

Host  of  the  arcs  were  Initiated  between  -500  and  -1000  V (table  1).  There 
was  one  Initiation  at  -255  V.  On  closely  examining  the  data,  It  was  noticed 
that  the  arcing.  Inception  voltage  tended  to  Increase  with  time.  That  Is,  fewer 
arcs  occurred  at  -350  and  -500  V near  the  encLof  PIX  IL  life.  Out  of  the  106 
times  the  segments  were  activated  negatively,  the  solar  array  segments  reached 
-1000  V,  without  arcing,  12  times. 


SUMMARY 

PIX  II  consisted- of  four  500-cm^  solar  array  segments,  a spherical 
Langmuir  probe,  an  emitter,  and  associated- electronics..  The  Langmuir  probe 
data  Indicated  densities  that  varied  over  two  orders  of  magnitude  over  an  orbit 
and  large  differences  from  orbit  to  orbit.  Some  of  these  density  variations 
are  thought  to  be  attributable  to  the  Langmuir  probe  being  In  the  ram  or  wake 
of  the  spacecraft.  Since  the  attitude  of  the  spacecraft  was  not  known,  separa- 
tion of  the  ram/wake  effect  from  the  ambient  density  variation  Is  very  complex, 
and  has  not  been  attempted  In  this  work. 

Spherical  probe  theory  fitted  the  Langmuir  probe  data  very  well.  This 
suggests  that  the  densities  determined  from  the  Langmuir  probe  were  the  actual 
densities  surrounding  the  probe.  However,  the  solar  array  segments  were 
mounted  on  the  opposite  side  of  the  Delta  from  the  Langmuir  probe.  So  the 
densities  surrounding  the  solar  array  were  not  necessarily  those  of  the  probe. 

Different  combinations  of  the  solar  array  segments  were  activated  by  using 
a preprogrammed  sequence  throughout  the  life  Of  PIX  II.  The  sequence  was 
chosen  to  maximize  the  Information  received  by  the  limited  real-time  ground 
coverage  In  case  the  data  storage/playback  unit  failed  to  operate.  As  It 
turned  out,  all  units  on  PIX  II  operated  as  designed  and  data  were  obtained 
through  program  count  247  after  two  rollovers  of  the  sequencer  (two  full  and 
one  partial  sequence,  approximately  19  hr). 

For  positive  bias  on  the  solar  array  segments,  the  data  showed  current 
enhancement  for  voltages  greater  than  approximately  200  V.  This  current 
enhancement  was  larger  than  that  predicted  by  ground  tests.  The  difference  Is 
attributed  to  suppression  In  the  ground  test  currents  by  the  Interaction  of  the 
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sheath  with  the  walls  of  the  vacuum  chamber.  Suppression-In  the  ground  test 
currents  was  observed  for  all  of  the  solar  array  segments  whether  run  singly 
or  In  combinations.  This  Implies  that  only  relatively  small  solan  arrays  can 
be  completely  plasma  tested  In-present  ground  facilities. — 

For  negative  bias  on  the  solar  array  segments,  arcing  occurred.  In  both 
ground  and  flight  tests  cbe  current  sometimes  Increased  from  microamperes  to 
mllltamperes  and  higher  during  arcing,  in  flight,  arcing j^as  observed  for 
voltages  as  low  as  -255  V.  The  arcing  Inception  voltages  tended  to  Increase 
negatively  with  time.  There  were  fewer  arcs  observed  at  -500  V and  lower  near 
the  end  of  PIX  II  life  than  In  the  beginning.  This  Suggests  that  precondition- 
ing high-voltage  solar  arrays  by  operating  them  at  high  negative  voltages  In  a 
plasma-environment  on  the  ground  may  help  to  drive  the  arc  Inception  voltage  In 
flight  more  negative. 

The  emitter  was  a passive  hot-wire  filament  and  was  activated  for  positive 
biases  on  the  solar  arrays  of  125  V or  greater  during  part  of  the  experiment 
sequence.  This  was  necessary  since  the  second  stage  of  the  Delta  had  very 
little  exposed  bare  metal  surface  to  collect  Ions  for  balancing  the  electrons 
collected  by  the  array.  The  largest  negative  potential  observed  on  P-IX  II 
with  the  emitter  operating  was  approximately  -50  V,  as  compared  with  voltages, 
greater  than  -200  V without  the  emitter.  Thus  the  emitter  was  able  to  keep 
the  spacecraft  within  reasonable  proximity  of  the  space  plasma  ground. 


CONCLUSIONS 

Four  500-cm?  solar  array  panel  segments  were  biased  positively  and  nega- 
tively In  steps  to  ±1000  V on  a spacecraft  In  a polar  orbit  at  an  altitude  of 
approximately  900  km.  various  combinations  of  the  four  array  segments  were 
activated  during  the  flight.  At  each  voltage  level  the  current  collected  by 
each  solar  array  segment  was  measured.  When  the  array  was  biased  positively  to 
125  V or  higher,  an  electron  emitter  was  activated  to  aid  In  keeping  the  space- 
craft near  plasma  potential.  A spherical  Langmuir  probe  was  used  to  determine 
the  plasma  density  throughout  the  flight. 

The  following  conclusions  were  drawn  from  the  data  for  positive  bias  on 
the  array  segments: 

1.  Even  the  large  laboratory  plasma  simulation  facilities  at  Lewis  are 
too  small  to  correctly  estimate  the  plasma  coupling  current  at-hlgh  positive 
voltages  to  solar  arrays  that  are  2000  cm?  or  larger  In  area, 

2.  If  the  negative  terminal  of  a spacecraft  array  Is  connected  to  space- 
craft ground,  the  spacecraft  will  float  far  negatively  with  respect  to  space 
plasma  potential  If  large  bare  metallic  areas  are  not  provided  for  Ion  current 
collection,  which  Is  necessary  to  balance  the  electron  current  collected  by 
the  solar  array. 

3.  The  plasma  coupling  current  may  vary  over  an  order  of  magnitude 
between  ram  and  wake  conditions. 
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The  following  conclusions  wene  drawn  for  negative  Mas  on  the  array 
segments: 

U Arcing  Is  the  most  serious  detrimental  etfuct, 

?.  The  arcing  Inception  voltage jmay  be  as  low  as  -255  V on  convention- 
ally constructed  solar  arrays. 

3.  Arc1ng_may  occur  at  densities  as  low  as  103  electrons/cm3. 


TABLE  I.  - PIX  II  ARCING  INCIDENCE  RESULTS  FOR  NEGATIVE  BIAS 

[Arcing  occurred  at  -350  V with  densities  of  103/cm3.  Arcing  Inception 
voltage  tended  to  Increase  wtth  time.]. 


Array  segments 
active 

Applied  voltage  for  arc 
Initiation,  V 

Number 

of 

arcs® 

Total 

-255 

-350 

-500 

-700 

-1000 

1 



2 

2 

5 

6 

1 

16 

2 

— 

1 

3 

5 

5 

5 

19 

2.3 

— 

1 

3 

3 

5 

3 

15 

1.4 

— 

— 

9 

5 

4 

— 

18 

1.2.3 

— 

T 

4 

6 

3 

1 

15 

1.2. 3. 4 

1 

1 

6 

6 

7 

2 

23 

Total  observations 

1 

6 

27 

30 

30 

12 

106 

Incidence,  percent  of  total 

0.9 

5.7 

25.5 

26.3 

28.3 

11.3 



Cumulative  Incidence,  percent 

0.9 

6.6 

32.1 

60.4 

88.7 

100 

--- 

^Combined  total  of  arcs  Initiated  after  being  at  voltage  level  a few 
seconds  plus  arcs  that  occurred  on  first  reaching  this  level  from  the 
previous  nonarcing  one. 
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Figure  1,  - PIX  II  electrical  arrangement. 
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Figure  5.  - Typical  sweep  of 
showing  linear  behavior. 
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Spacecraft  floating  potential,  1/ 


Figure  8.  - Emitter  on/oft  operation  on  Langmuir  probe 
current  as  function  of  applied  voltage  to  solar  array 
segments  lor  ground  and  flight  operations. 


0 


Applied  voltage,  V 

Figure  9.  - Spacecraft  floating  potential  as  function  of 
applied  voltage  to  solar  array  segment  sets  <2,3t,  (1,2,31, 
and  (1,2, 3, 4).  Emitter  on. 


2x10'* 


Applied  voltage,  V 

Figure  10.  - Total  currents  to  different  combinations  of  solar  array 
segments  for  flight  and  ground  testing.  Emitter. on. 
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RAM/WAKE  EFFECTS  ON  PLASMA-CURRENT  COLLECTION  OF  THE  RJX  II  LAN6MU IN  PROBE 


Dale  C.  Ferguson- 

National  Aeronautics  and  Space  Administration 
Lewis  Research  Center 
Cleveland,  Ohio  44135 


Data  returned  from  the  NASA  PIX  II  flight  of  January  1983  were  analyzed 
and  the  results  are  presented  herein.  The  PIX  II  experiment  carried  a Langmuir 
probe,  an  electron  emitter,  blasable  solar  array  segments,  a Sun  sensor,  tem- 
perature sensors,  and  other  Instruments.  Its  approximately  900-km  polar  orbit 
allowed  measurements  of  the  currents  collected  from  the  magnetospherlc  plasma 
In  polar  and  equatorial  regions. 

PIX  II  Langmuir  probe  readings  of  the  same  polar  magnetospherlc  regions 
taken  on  consecutive  orbits  showed  occasional  apparent  densities  as  much  as  10 
times  lower  than  the  average,  although  each  pass  clearly  showed  density  struc- 
tures related  to  the  day/olght  boundary.  At  other  points  In  the  orbit, 

Langmuir  probe  currents  varied  by  as  much  as  a factor  of  20  on  a time  scale  of 
minutes. 

The  hypothesis  Is  advanced  that  these  apparent  Inconsistencies  In  Langmuir 
probe  current  are  the  results  of  the  probe's  Orientation,  relative  to  the  body 
of  the  spacecraft  and  the  velocity  vector.  Theoretical  studies  predict  a pos- 
sible depletion  In  collected  electron  current  by  a factor  of  100  In  the  wake  of 
an.  orbiting  spacecraft  of  the  velocity  and  dimensions  of  the  PIX  II  Delta  upper 
stage.  Experimental  results  from  other  spacecraft  Indicate  that  a wake  elec- 
tron depletion  by  a factor  of  10  or  so  Is  realistic.  This  amount  of  depletion 
Is  consistent  with  the  PIX  II  data  If  the  spacecraft  was  rotating.  Both  the 
Sun  sensor  and  temperature  sensor  data  on  PIX  II  show  a complex  variation  con- 
sistent with  rotation  of  the  Langmuir  probe  Into  and  out  of  the  spacecraft 
wake  on  a time  scale  of  minutes.  Furthermore,  Langmuir  probe  data  taken  when 
the  Sun  sensor  Indicated  that  the  probe  was  not  in  the  spacecraft  wake  are 
consistent  from  orbit  to  orbit.  This  supports  the  Interpretation  that  ram/wake 
effects  may  be  the  source  of  apparent  discrepancies  at  other  orientations. 

Analyses  of  variations  In  the  Sun  sensor  and  temperature  sensor  data  are 
In  progress  that  In  combination  with  limited  Information  obtainable  about  the 
Spacecraft  orientation  may  allow  the  attitude  to  be  modeled  to  determine  the 
ram/wake  orientation  at  any  time.  Empirical  corrections  can  then  be  made  to 
the  Langmuir  probe  data  and  to  the  solar  array  plasma  current  col  lection  data. 
The  amount  of  the  corrections  and  the  corrected  data  themselves  contribute  to 
our  knowledge  of  the  electrical  Interaction  of  spacecraft  with  the  orbital 
environment. 


IN1RODUC1 ION 

The  PIX  II  satellite  was  launched  Into  a polar  orbit  on  January  25,  1983, 
to  Investigate  Interactions  between  high-voltage  solar  arrays  and  the  orbital 
plasma  environment.  During  analysis  of  the  PIX  II  data  It  has  become  evident 
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that  the  plasma-  density  as  Indicated  by  currents  collected  by  the  PIK  II 
Langmuir  probe  varied  In  a vsay  Inconsistent  with  real  ambient  plasma  density 
variations.  In  this  paper  the  nature  of.  the  problem  Is  discussed,  and  the  hy- 
pothesis Is  presented  that  the  currents  measured  while  the  Langmuir  probe  was 
In  the  spacecraft  wake  were  much-  smaller  than  would  be  measured  by  a probe  out- 
side the  wake.  The  amount  and  kind  of  corrections  that  must  be  applied  to  the 
readings  to  derive  true  plasma  densities  from- straightforward  probe  theory  pro- 
vide information  about  large  spacecraft  wakes. 


THE-  NATURE  OF  THE  PROBLEM 

The  current  collected  by  a spherical  probe  of  radius  r and  positive 
voltage  V In  a plasma  of  electron  number  density  ne  and  temperature  T 
Is,  according  to  probe  theory  (ref.  1), 


for  a probe  whose  radius  Is  small  compared  with  the  plasma  sheath.  Here  k 
Is  Boltzmann's  constant,  e is  the  electron  charge,  and.  me  Is  the  electron 
mass.  The  Langmuir  probe  on  tha  PIK  II  satellite  was  about  1 cm  In  radius  and 
nominally  extended  about  0.6  m from  the  spacecraft  on  a boom.  At  the  nominal 
900-km  PIX  II  orbital  altitude  and  50-V  applied  potential,  the  Langmuir  probe 
was  In  the  thick  sheath  limit  arid  Ve  » kJ,  so  tnat 

i « n/yr 

If  the  Influence  of  the  spacecraft  can  be  neglected. 

There  are  Indications  that  for  the  PIX  II  Langmuir  probe,  the  Influence 
of  the  spacecraft  cannot  be  neglected.  Being  In  a polar  orbit,  PIX  II  tra- 
versed regions  near  the  north  and  south  poles  where  consecutive  orbital  paths 
Intersected  as  seen  from  the  rotating  Earth.  Figure  1 shows  the  orbital  paths 
near  the  north  geomagnetic  pole  for  several  orbits.  The  convention  used  here 
far  orbit  numbering  Is  that  orbit  1 begins  at  the  first  south  polar  passage 
after  launch.  Thus  orbit  2 begins  at  approximately  program  count  267.  Each 
orbit  Is  about  384  16-sec  program  counts  long.  In  the  conference  paper  by 
N.  T.  Grier  the  start  of  revolution  1 coincides  with  the  Langmuir  probe  deploy- 
ment at  program  count  116.  Thus  orbit  1 here  starts  233  program  counts  before 
revolution  1 of  Grier.  Figure  2 shows  the  PIX  II  Langmuir  probe  current  read- 
ings for  the  two  consecutive  orbits  near  the  north  pole  labeled  orbits  2 and  3 
In  figure  1.  Although  the  behaviors  of-  the  current  with  time  before  and  alter 
the  nlght/day  crossing  were  similar  for  the  two  orbits,  the  absolute  levels 
differed  by  about  1 on  the  log^g  scale,  or  about  a factor  of  10.  Quantita- 
tively, the  correlation  coefficient  between  the  logs  of  the  currents  for  these 
passes  with  the  times  of  the  rilght/day  crossing  aligned  Is  0.78  (for  a confid- 
ence level  of  greater  than  99  percent),  but  the  difference  In  <log>  Is  0.939. 
Similar  effects  are  shown  for  other  orbits.  Unless  the  magnetospherlc  electron 
densities  or  temperatures  can  vary  uniformly  over  the  polar  cap  by  a factor  of 
10  In  less  than  100  min,  we  must  Infer  that  the  Langmuir  probe  currents  are 
sometimes  much  higher  or  lower  than  the  electron  densities  would  necessitate  In 
naive  probe  theory. 
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Another  Indicator  of  the  reliability  of  the  Langmuir  probe  currents  as 
density  and  temperature  Indicators  can  be  obtained  by  comparing  them  with  read- 
ings from  other  satellites.  Fortunately,  the  Defense  Meteorological  Satellite 
Program  satellite  0M3P/F6  was  simultaneously  talcing  data  In  an  orbit  nearly 
identical  In  Inclination-  to  the  PIX  II  orblt-at  an  altitude  of  033  km  (not  too 
different  from  the  ~09Q-km  PIX  ll  altitude).  The  data  obtained  by  this  satel 
llte  (and  kindly  supplied  by  Frederick  Rich  of  the  Air  Force  Geophysics  Labora- 
tory) were  compared  with  the  PIX  II  data  for  orbits-  corresponding  most  closely 
In  day/night  orientation  and  geomagnetic  longitude  and  latitude.  The  calcu- 
lated  OfoSP  Ion  densities  (to  be  used  because  there  was  a negative  bias  on  the 
DMSP  satellite)  were  compared  with  the  PIX  ll  Langmuir  probe  electron  collec 
tlon  currents  for  consecutive  equatorial  passes  of  the  two  satellites  (fig.  3). 
The  qualitative  behaviors  were  quite  similar  and  the  correlation  coefficients 
were  quite  high  for  these  data,  an  Indication  that  changes  In  electron/Ion 
density  were  followed  by  both  satellites.  However,  again  the  multiplicative 
factor  relating  the  two  measured  currents  was  quite  different  from  orbit  to 
Orbit,  varying  by  as  much  as  a factor  of  6.5  from  orbit  2 to  orbit  3.  Again, 
the  PIX  II  currents  seemed  to  be  uniformly  lower  In  orbit  3 by  a large  factor 
for  the  same  regions  of  the  magnetosphere  as  measured  by  DMSP/F6.  Note  that 
all  of  the  PIX  II  Langmuir  probe  currents  used  In  this  analysis  were  made  with 
the  solar  panels  biased  at  voltages  more  negative  than  30  V to  eliminate  any 
effects  of  vehicle  charging. 

A logarithmic  plot  (fig.  4)  was  made  of  the  PIX  II  Langmuir  probe  current 
versus  the  0MSP/F6  Ion  density  for  a large  sample  of  closely  corresponding 
magnetospherlc  data  points.  Here,  points  where  the  0MSP/F6  ion  density  was  a 
rapidly  varying  function  of  time  or  geomagnetic  latitude  have  been  thrown  out. 
Although  the  correlation  Is  high  (0.78)  and  significant  (at  the  »99  percent 
level),  the  50  data  points  seem  to  show  a well-defined  narrow  upper  range, 
with  a downward  trail  of  a few  Langmuir  probe  currents  to  a factor  of  about  10 
lower  than  the  upper  limit.  It  Is  significant^  and  consistent  with  the  picture 
obtained  In  figures  2 and  3,  that  the  Langmuir  probe  current  on  PIX  II  was 
occasionally  depressed  by  as  much  as  a factor  of  10  from  that  expected  from  the 
true  electron  density  and  simple  probe  theory. 

Although  the  PIX  II  Langmuir  probe  current  was  highly  correlated  with  that 
of  the  DMSP/F6  sensors,  neither  was  well  correlated  with  a calculated  model 
Ionosphere  supplied  by  H.  B.  Garrett  of  JPL.  Evidently  the  Langmuir  probe  on 
PIX  II  and  the  Ion  sensor  on  DMSP/F6  both  measured  highly  correlated  physical 
quantities,  but  occasionally  the  Langmuir  probe's  readings  were  abnormally 
low.  It  Is  desirable  to  understand  the  discrepancy  fully. 


THE  RAM/WAKE  HYPOTHESIS 

A rapidly  moving  body  traveling  through  a plasma  will  leave  a wake  dis- 
turbance. This  Is  easily  seen  to  be  true  for  Ions  when  the  velocity  Of  the 
body  exceeds  the  Ion  thermal  velocity.  It  Is  also  true  that  the  electrons 
will  feel  a wake  Influence  because  of  the  predominantly  negative  space  charge 
built  up  In  the  wake  by  the  partial  Ion  evacuation  there.  The  shape  of  the 
wake  region  for  a moving  sphere  Is  a trailing  cone  with  a half-angle  e 
given  by  (ref.  1) 
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<1> 


tan  &-= 


where  m j and  T^  are  the  Ion  mass  and  temperature  and  v Is  the  velocity 
of  the  moving  body.  The  potential  In  the  wake  cone  may  be  more  negative  than 
that-of-the  body  by  an  amount  (ref.  I) 


2kT 

e 


In 


(2) 


where  eg  Is  the  permittivity  of  free  space,  Is  the  Ion  density,  and  R 
Is  the  body  radius.  For  a neutral  body  this  limits  the  thermal  electrons  that 
might  collect  on  the  trailing  edge  of  the  body  to  those  able  to  surmount  this 
negative  potential  barrier.  Calling  the  density  of  such  electrons  ng,  one  has 

\ -21n  R/*/enkT/n,e2  e0kT  ... 

" ' n,eV  <3> 

Taking  the  radius  of  the  PIX  II  Delta  upper  stage  (R  = 0.76  m)  and  putting  In 
nj  ± 10'°  m-3  and  T = 2900  K (extrema  from  Garrett's  model)  yield 


V-  = - 1.5  V 

nh  •» 

< 2.4x10 

for  PIX  II.  If  It  Is  further  assumed  that  only  these  electrons  could  be  at- 
tracted by  a positively  charged  Langmuir  probe  In  the  vehicle  wake,  the  collec- 
tion current  of  the  Langmuir  probe  could  go  down  by  a factor  of  400  In  the  wake 
of  a neutral  spherical  body  with  the  Delta.: s radius. 

The  extent  of  the  Delta  wake  can  be  estimated  from  equation  (1).  The  dis- 
tance d of  the  tip  of  the  wake  cone  from  the  surface  of  the  Delta  upper  stage 
Is 

,4> 

which,  assuming  equation  (1)  and  spherical  geometry.  Is 


Since  the  spacecraft  environment  contains  Ions  of  different  species,  which  Is 
Indicated  In  parentheses  after  d,  each  Ion  will  have  a wake  region  of  differ- 
ent extent.  Putting  In  v = 7.4  km/sec,  T .-=  2000  K,  and  R • C.76  m results  In 
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d(Qf)  « 3.23  ro 
d(H+X  - 0.48  m 
dlHe*)  = 1 .34  ro 

The  boom  on  the  Delta  on  which  the  Langmuir  probe  Is  deployed  extends  It- to 
about  0.6  ro  from  the  Delta  surface.  Thus-  the  Langmuir  probe  Is  never  In  the 
hydrogen  ion  wake  but  can  be  in  the  oxygen  and-hellum  ion  wakes.  From  the 
model  data  of  Garrett  the  lowest  percentage  by  number  of  hydrogen  Ions  is  about 
36  percent.  If  the  wake  potential  barrier  Is  then  lessened  by  the  presence  of 
H*  Ions  at  the  Langmuir  probe  location,  the  total  reduction  In  collection 
current  Is  expected  to  be  substantially  less  than  calculated  earlier. 

More  realistic  estimates  of  the  wake  effect  on- electron  current  collection 
can  be  obtained  by  examining  data  from-other  satellites.  Figure  2 of  Samir  and 
Stone  (ref.  t)  shows  that  the  Ariel  I,  Explorer  .1,  and  AE  satellite  data  are 
consistent  wuh  a maximum  reduction  of  wake  electron  collection  current  by  a — 
factor  of  about  10  at  a 900-km  altitude.  Thus.  the  occasional  factor-of-10 
reduction  In  PIX  IL  Langmuir  probe  current  Is-  consistent  with  the  hypothesis 
that  the  probe  Is  In  the  0+  and  Hef  wake  when  the  reduction  occurs. 

There  Is  evidence  that  during  the  flight  the  PIX  ll  satellite  was  In  a 
complex  rotation  that  allowed  the  Langmuir  probe  to  be  carried  Into  the  space- 
craft wake.  Both  the  Sun  sensor  (a  photocell  mounted  on  the  solar  array  panel) 
and  the  array  temperature  sensor  showed  readings,  that  varied  In  a manner  con- 
sistent with  rotation  or  precession  with  respect  to  the  Sun.  In  addition, 
data  returned  by  Oelta  launch  telemetry  and  kindly  provided  by  Elizabeth  Beyer 
of  Goddard  Space  Flight  Center  (private  communication)  Indicate  that  in  the 
early  stages-  of  the  flight  the  Delta  upper  stage  was  processing  and  rotating 
with  at  least  one  period- near  100  min.  Unfortunately,  the  time  span  over  which 
the  data  were  taken  was  too  short  to  allow  an  adequate  determination  of  the 
geometry  and  frequency  of  rotation  and-p recess  Ion. 

further  analysis  of  all  available  Sun  sensor,  temperature,  and  telemetry 
data  Is  needed  with  the  goal  of  modeling  the  PIX  II  attitude  to  allow  determi- 
nation of  the  ram/wake  orientation  at  all  times  In  the  flight. 


EVIDENCE  FOR- THE  RAM/WAKE  HYPOTHESIS 

Although  the  absolute  orientation  of  the  PIX  II  satellite  at  all  times  In 
the  flight  has  not  been  determined,  there  are  some  rough  Indications  of  the 
attitude  at  certain  times.  For  Instance,  the  Sun  sensor  can  Indicate  times 
when  the  Sun  Is  high  on  the  solar  array.  Since  the  Sun  was  at  a very  high 
angle  to  the  Orbital  plane  and  the  array  was  roughly  opposite  the  Langmuir 
probe  on  PIX  II,  a condition  of  high  Sun  on  the  array  Implied  that  the  Langmuir 
probe  was  probably  not  In  the  vehicle  wake.  A map  constructed  of  Langmuir 
probe  currents  for  the  hlgh-Sun  condition  showed  no  discrepancies  between 
adjacent  orbits  of  more  than  a factor  of  3,  consistent  with  most  points  In 
figure  4 (presumed  nut  to  be  In  the  wake). 
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Perhaps  the  best  test  of  whether  the  Langmuir  probe  currents  were  at  times 
not  Indicative  of.  the  true  plasma  density  is  to  show  that  a real  physical 
effect  follows  not  the  Langmuir  probe  current  but  another  indicator-  of  the. 
plasma  density.  N.  3.  Stevens  (ref..  4)  has  shown  that  for  sular  arrays  In  the 
laboratory,  the  negative  breakdown  voltage  decreases  with  Increasing  plasma 
density.  Such  an  effect  should- also  be  seen  In  orbit  If  the  ind-icator  of  plas- 
ma density  used- Is  reliable  and  the  biased  array  is  not  in  the  vehicle  wake. 

To  Insure  this,  the  PLX  II  data  were  searched  for  breakdowns,  that  occurred 
when  the  Langmuir  probe  (LP)  current  was  much  lower  than  the  DMSP/F6  satellite 
current.  Such  an  occurrence  was  taken  to  mean  that  the  Langmuir  probe  was  In 
the  vehicle  wake,  so  that  the  solar  array  opposite  was  not  In  the  vehicle  wake. 
The  voltage  at  which  the  solar  arrays  arced  versus  the  corresponding  DMSP/F6 
Ion  density  was  plotted  (.fig.  5Li.or.alI  breakdowns  occurring  when 

log^Q  (LP  current)  < log-jQ  (DMSP  Ion  density)  - 9.90 

For  these  points  there  Is  a relation  between  breakdown  voltage  and  Ion  density 
In  the  same  sense  as  Stevens  found.  Quantitatively,  log-jg  Varc  Is  correlated 
with  log-|o  (DMSP  Ion  density)  with  a correlation  coefficient  of  -0.73,  signifi- 
cant at  more  than  the  99.9  percent  level  for  these  20  data  points. 

1°91G  *arc  = -0-34  log-jQ  (DMSP  Ion  density)  ♦ 4.26 

The  same  breakdown  voltage  was  plotted  versus  the  Langmuir  probe  current 
presumed  to  have  been  read  In  the  spacecraft  wake  (fig.  6).  This  diagram  has  a 
correlation  coefficient  of  -0.68,  which  Is  lower  than  the  correlation  with  the 
density  found  by  another  satellite.  Also,  most  of  the  correlation  was  due  to 
one  data  point  of  very  low  current.  The  least-squares  fit  here  Is 

logiO  Varc  = -0.20  log-io  (LP  current)  + 1.59 

Thus,  for  these  data  the  LP  current  Is  a worse  Indicator  of  the  PIX  II  plasma 
density  than  the  readings  of  the  0MSP/F6  satellite.  Furthermore,  although 
these  data  were  selected  In  a way  that  should  have  produced  a correlation 
between  log^Q  (LP  current)  and  log^Q  (DMSP  Ion  density)  even  for  originally 
uncorrelated  data,  the  correlation  for  these  points  was  only  0.27,  not  signifi- 
cant at  the  80  percent  confidence  level  and  consistent  with  a large  degree  of 
randomness.  It  may  be  concluded  that  when  the  Langmuir  probe  currents  were 
abnormally  low  they  were  no_longer  a valid  Indicator  of  the  plasma  density  at 
the  solar  array. 

The  Langmuir  probe  currents  (fig.  4)  can  sometimes  be  as  much  as  10  times 
lower  than  normal-,  so  that  a maximum  correction  factor  of  10  may  be  appropriate 
for  plasma  densities  derived  from  LP  currents  when  the  probe  IS  deepest  In  the 
vehicle  wake. 


CONCLUSIONS  AND  IMPLICATIONS 

The  ram/wake  hypothesis  seems  to  satisfactorily  explain  the  variations  In 
Langmuir  probe  current  from  orbit  to  orbit  on  the  PIX  II  satellite.  The  time 
scale  for  vehicle  rotation  or  precession  may  be  short  enough  to  place  the 
Langmuir  probe  In  the  vehicle  wake  In  one  orbit  and  outside  the  wake  on  the 
succeeding  orbit.  Theoretical  considerations  make  the  amount  of  the  variation 
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plausible,  and  comparisons. with  Ion  densities  found  by  a satellite  In  a similar 
orbit  show  the  same  range  of  discrepancy,  furthermore,  when  the  probe  might 
have  been  in  the  wake,,  probe  currents  were  poorly  correlated  with  the  array 
breakdown  voltage,  as  compared  with  the  correlation  of  other  plasma  density 
Indicators. 


The  Importance  of  these  results  can  be  summarized  In  the  following  way: 
f-lrs-t,  the  PIK-  ll~ Langmuir  probe  data  must  be  used  with  caution  If  simple  probe 
theory  Is  used  to  Infer  plasma  densities.  Second,  When  the  probe  Is  In  the 
wake,  correction  factors  of  up  to  10,  depending  on  the  geometrical  circum- 
stances, must  be  applied  to  the  Langmuir  probe  currents  to  derive  plasma  densi- 
ties, simply.  Third,  wake  effects  can  be  significant  for  collection  currents 
on  large  spacecraft  and  may  be  a consideration  In  the  geometrical  design  of 
large  snlar  arrays.  Whenever  possible,  for  Instance,  an  array  should  perhaps 
be  fitted  with  “bunders'1  on  each  side  or  other  devices  to  put  the  array  In  a 
plasma-wake  and  to  minimize  leakage  currents  while  maximizing  breakdown  volt- 
ages. Finally,  the  amount  of  diminution  of  the  PIX  ll  Langmuir  probe  current 
when  the  probe  Is  In  the  vehicle  wake  may  be  Important  to  understanding 
vehicle/plasma- Interactions. 

The  PIX  II  data  analysis  should  be  continued  In  order  to  model  the  vehicle 
orientation.  It  may  be  possible  to  find  the  correction  factor  necessary  for 
any  angle  of  attack  with  respect  to  the  vehicle  velocity  vector.  This  would 
make  PIX  II  a laboratory  for  studying  nol  only  collection  currents  and  break- 
downs but  also  the  dynamic  Interaction  between  a large  space  vehicle  and  Its 
stationary  plasma  environment. 
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Figure  L * Orbital  paths  near  north  geomagnetic  pole. 
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Figure  i - PIX  II  Langmuir  probe  current 
readings  for  two  consecutive  polar  passes. 
(Corresponding  points  are  never  more 
than  5°  apart  in  geomagnetic  latitude  nor 
9°  apart  in  geomagnetic  longitude.  Geo- 
magnetic latitude  >6R°  i 
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Figure  3.  - PIX  II  orbits  and  corresponding  DMSP/F6 
orbits. 
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Figure  4,  - langmjir  probe  current  versus  ion  density. 
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Figure  5.  - Array  arciRg  voltage  versus  ion  density  - Figure  6.  - Array  arcing  voltage  versus  Langmuir  probe 

array  not  in  wake.  current  - Langmuir  probe  presumed  in  wake. 
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NASCAP-SJMULATION  OF  PIX  II  EX PEDIMENTS 
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and 
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The  second  Plasma  Interaction  Experiment  (PlX  11)  consisted  of  a set  of 
four  short-circuited  solar  array  modules  mounted  on  the  side  of  a Delta  launch 
vehicle.  The  modules  were  independently  biased  over  a range  of  positive  and 
negative  voltages  relative  to  the  Delta  ground  structure.  The  experiment  was 
launched  Into  low  Earth  orbit  on  25  January  1983,  and  data  were  gathered  for 
18  hr  on  the  currents  collected  by  the  modules  from  the  space  plasma.  In  this 
presentation  the-  latest  version  of  the  NASCAP/LEO  digital  computer  code  was 
used,  to  simulate  the  PIX  II  experiment.  NASCAP  Is  a finite-element  code  and 
previous  versions  have  been  restricted  to  a single  fixed,  mesh  size.  As  a 
consequence  the  resolution  was  dictated  by  the  largest  physical  dimension  to 
be  modeled.  The  latest  version  of  NASCAP/LEO  can  subdivide  selected  regions. 
This  permitted  the  modeling  of  the  overall  Delta  launch  vehicle  In  the  primary 
computational  grid  at  a coarse  resolution,  with  subdivided  regions  at  finer 
resolution  being  used  to  pick  up  the  details  of  the  experiment  module  configu- 
ration. Langmuir  probe  data  from  the  flight  were  used  to  estimate  the  space 
plasma  density  and  temperature  and  the  Oelta  ground  potential  relative  to  the 
space  plasma.  This  Information  Is  needed  for  Input  to  NASCAP.  Because  of  the 
uncertainty  or  variability  In  the  values  of  these  parameters.  It  was  necessary 
to  explore  a range  around  the  nominal  value  In  order  to  determine  the  variation 
In  current  collection.  The  flight  data  from  PIX  II  were  also  compared  with  the 
results  of  the  NASCAP  simulation. 
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OBJECT  DEFINITION. 


GEOMETRY 

• RECTANCLES  ONLY 

• MAIN  GRID  MESH:  O.ffim 

• SUBDIVISION  FACTOR:  9— 

• 1194  SURFACE  CELLS 

706  MAIN  GRID 
485  SUBDIVIDED-GRID 
SURFACE  MATERIALS 

• 751  INSULATING  CELLS: 

WHITE  PAINT,  CELL,  AND  KAPTON  - 

• 445 CONDUCTING  CELLS: 

BUCK  PAINT,.  STAINLESS  STEEL,  THERMAL  CONTROL 
MATERIAL,  AND  SOLAR  CELL  INTERCONNECTS 

• PHYSICAL  PROPERTIES  DEFAULTED  

COMPUTER  TIME:  2.5  rain  TOTAL 


RUN  PARAMETERS 

STANDARD  CONDITIONS 

• TEMPERATURE:  0.15  eV 

• DENSITY:  1010  IONS  im3  (14. 3 amu) 

• DEBYE  LENGTH:  0.0288  m 

• SPACECRAFT  GROUND  POTENTIAL:  OV 

• INITIAL  POTENTIAL  ON  WHITE  PAINT:  -0.9  V 

• ALL  FOUR  MODULES  SAME  BIAS:  +30,  +50.  +100,  +125, 

♦190.  +255,  +350,  +500,  +700,  ANL  +1000  V 

VARIATIONS 

• TEMPERATURE:  0. 10  eV  (0.0226  m> 

• DENSITY:  lo’lONS/m3 10.0910  ml 

• SPACECRAFT  GROUND  POTENTIAL:  -30  V 
COMPUTER  TIME:  26  mln/RUN  (AVERAGE) 
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DELTA  ROCKET  (ELECTRONICS  BOX  SIDE) 


DELTA  ROCKET  (EXPERIMENT  PLATE  SIDE) 


PIX  II  EXPERIMENT  PLATE 


362 


POTENTIAL  CONTOURS  AT  X»6  FOR  BIAS  OF  +30  V 


CONTOUR  LEVELS,  -11. 7 TO  20.S-V  WITH  I’OTENTiAL 
WCRfMHWS  OF  2 V — 


POTENTIAL  CONTOURS  ATX  *6  FOR  BIAS  OF  +1000  V 

CONTOUR  UVftS,  "0. 9 TO  819  V Wllft  FOUNT  I At 
INCREMENTS  OF  $OV 


SPACECRAFT 

FLOATING 

POTENTIAL, 
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COMPARISON  OF  NASCAP  WITH  PIX  II  DATA 

ALL  SOLAR  ARRAY  MODULES  HAVE  SAME  POTENTIAL 


CURRENT 

COLLECTED. 

A 


POTENTIAL  OF  MODULES,  V 


PIX-II  FLOATING  POTENTIAL 


SUMMARY  OF  RESULTS 

LEO  MODEL  CONSTRUCTED 

• 10-INCH  RESOLUTION  ON  VEHICLE 

• 1. 1-INCH  RESOLUTION  ON  EXPERIMENT 
POSITIVE  BIAS  MODELED 

• TEMPERATURE 

• DENSITY 

• SPACECRAFT  POTENTIAL 
RESULTS 

• SLOPE  GOOD  ABOVE  200  V 

• CURRENT  ENHANCEMENT  TOO  SMALL 

• UNKNOWN  DENSITY  AND  SPACECRAFT  POTENTIAL 

COMPLICATE  INTERPRETATION 
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Proposals  are  now  being  developed  for  the  construction  of  high-power 
photovoltaic  systems  for  operation  In  low  Earth  orbit,  where  the  plasma  number 
density  Is  about  103  to  10°  per  cm3.  Existing  data  Indicate  that  Inter- 
actions between  the  plasma  and  high-voltage  surfaces  of  an  orbiting  power 
system  will  occur.  In  ground  tests,  where  the  applied  voltage  Is  Increased 
negatively  from  ground,  the  array  current  collection  shows  an  approximately 
linear  rise  until  It  terminates  In  arcing  at  greater  than  several  hundred  volts 
negative.  This  arcing  may  reduce  the  power  generation  efficiency  and  could 
possibly  affect  the  low-level  logic  circuits  of  the  spacecraft.  Therefore  It 
Is  Important  that  the  arcing  phenomenon  be  well  understood.  This  study  Is  a 
survey  of  the  behavior  of  different  dielectric-conductor  samples.  Including  a 
solar  cell  module,  that  were  biased  negatively  In  a low-density  plasma  environ 
ment  with  the  Intent  of  defining  arc  discharge  conditions  and  characteristics. 
Procedures  and  results  are  discussed. 


INTRODUCTION 

Recent  proposals  for  the  construction  of  large  spacecraft  to  operate  In 
low  Earth  orbit  envision  much  greater  power  requirements  than  those  of  pres- 
ently operating  spacecraft.  The  employment  of  very  large  solar  arrays  has 
been  suggested  as  a means  of  generating  such  power.  These  arrays  may  operate 
at  higher  voltages  than  have  been  previously  used  In  order  to  reduce  the  mass 
of  conductive  materials. 

Conventional  solar  array  design  exposes  cell  Interconnects  to  the  plasma 
environment  of  low  Earth  Orbit,  which  can  be  as  dense  as  106  per  cm3.  Ground 
and  flight  tests  have  shown  the  existence  of  Interactions  between  array  sur- 
faces at  high  voltage  and  the  surrounding  plasma.  For  positive  applied  bias 
voltage  a nonlinear  current  collection  phenomenon  known  as  "snapover"  has  been 
documented  (ref.  ' / . For  negative  applied  bias  voltage,  to  be  considered  here- 
in, recorded  observations  of  solar  arrays  (e.g.,  ref.  2)  Include  current  tran- 
sients and  visible  flashes  of  light,  both  referred  to  as  "arcing."  Although  no 
effort  to  characterize  these  arcs  In  detail  appears  In  the  literature  to  date, 
there  Is  agreement  that  arcs  seem  to  occur  on  or  near  exposed  metal  surfaces  of 
a solar  cell  array  at  bl'.s  voltages  of  -300  V or  more  (In  this  paper,  "more" 
Implies  an  Increasing  magnitude  of  negative  voltage).  If  violent  enough,  these 
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arcs  could  conceivably  disrupt  efficient  power  generation  and  low-level  elec- 
tronic circuit  operation,  as  well  as  cause  pyslcal  damage  to  the  solar  cells 
of  an  orbiting  system.  Therefore  a thorough  understanding  of  tb*>  arc  phenom- 
enon Is  vital  for  the  successful  design  of.  lango-scale  photouoJtaic  power- 
generating systems-. 

In  this  Investigation^  dlelectrlc-Conductor  samples  of  various  configura- 
tions, including  a solar  ceil  module,  were  biased  negatively  In  a plasma  of 
known  density.  The  test  facility  was  a small  vacuum  chamber,  equipped  with  an 
argon  plasma  source.  Arcing  behavior  and  Its  dependence  on  sample  configura- 
tion, bias  voltage,  and-plasma. density  were  studied. 


TEST  FACILITY 

Figure  1 shows  the  electrical  circuit  and  a typical  experiment  configura- 
tion. The  test  chamber  was  a 46-cm-dlameter  by  81-cm-hlgh  steel  bell  Jar 
evacuated  with  mechanical  and  oil  diffusion  pumps.  Plasma  was  obtained  by 
flowing  argon  gas  past  a hot  tungsten-filament  cathode  located  In  an  anode 
cylinder  Immersed  In  a magentlc  field.  The  source  was  mounted  about  40  cm 
above  the  test  samples  and  produced  densities  of  103  to  105  per  cm3.  A 1.3-cm 
baffle  at  the  exit  aperture  of  the  source  diffused  the  emerging  particles  and 
prevented  filament  electrons  and  other  particles  In  the  source  chamber  from 
striking  the  samples  directly.  With  the  plasma  source  on,  chamber  pressures 
during  testing  ranged  from  5xl0-6  to  3xl0~5  torr. 

The  test  samples  were  mounted  on  electrically  Insulating  rods.  They  were 
biased  u^lng  two  external,  continuously  variable  voltage  sources  connected  In 
series,  giving  an  Output  of  zero  to  -1000  V.  Plasma  characteristics  data  were 
obtained  with  a 1 .91-cm-dlameter  spherical  Langmuir  probe  connected  to  an  auto- 
mated data  system.  Surface  potential  profiles  were  made  by  using  a noncontact- 
ing electrostatic  potential  probe.  This  probe  senses  a voltage  by  nulling  the 
electric  field  between  Itself  and  a small  area  of  test  sample  surface.  The 
probe  was  mounted  on  a movable  arm  and  Its  sensing  surface  was  swept  In  a plane 
2 to  5 mm  above  the  test  sample  surfaces. 

In  the  high-voltage  electrical  line  from  the  voltage  source,  21.1-Mn 
series  resistance  was  shunted  by  0.0117-uF  capacitance.  Although  some  tests 
were  run  without  the  series  resistance.  It  served  to  Isolate  the  discharge 
process  from  the  characteristics  of  the  voltage  source,  as  well  as  limit  the 
current  flow  from  the  voltage  source  during  arcing  to  protect  the  equipment. 
Collection  current  was  monitored  with  a digital  electrometer  and  an  analog 
panel  ammeter.  A current  pulse  transformer  detected  transients  In  the  high- 
voltage  line  between  the  capacitors  and  the  sample.  The  transformer's  output 
was  fed  to  a waveform  recorder,  connected  In  turn  to  an  oscilloscope,  where 
the  traces  were  photographed.  Surface  voltage  profiles,  test-sample  applied 
bias  voltage,  and  Langmuir  probe  current  were  recorded  on  a strip  chart. 


PROCEDURE 

After  the  plasma  Source  was  allowed  to  stabilize  and  the  plasma  data  were 
obtained,  voltage  was  applied  to  a sample  In  50-  to  100-V  Increments,  with  a 3- 
to  10-mln  waiting  period  at  each  voltage.  One  to  2 min  were  generally  required 
for  collection  current  stabilization,  although  completely  stable  conditions 
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were  not  reached  In  some  solar  cell  array  tests.  Tests  were  also  conducted  by 
Setting  the  bias  voltage  at  a fixed  value  for  an  extended  period  of  time.  The 
longest  test  duration  at  a constant  applied  bias  voltage  with  constant  test 
conditions  was  8 hr. 


TEST  SAMPLES 

The  samples  tested  are  Illustrated  In  flgpre  2.  The  disk/pinhole  sample 
(fig.  2(a))  was  a-  10-cm-dlameter  fiberglass  disk  with  a centered  5-cm-dlameter 
electrode.  The  disk  and  electrode  were  completely  covered  with  0.0127-mm-thlck 
Kapton  Insulation,  except  for  a 0.8-mm-dtameter  “pinhole"  In  the  center  expos- 
ing the  electrode.  Tests  were  also  conducted  with  wire  strands  Inserted  be- 
tween the  Kapton  and  the  electrode  and  extending  5 to  10  mm  beyond  the  disk's 
surface. 

A four-solar-cell  module  (fig.  2(b))  of  2-cm  by  4-cm  cells  was  tested  with 
the  array  output  leads  shorted  together.  Two  separate  tests  were  conducted 
with  Kapton  tape  masking  all  but  a small  section  of  the  cells  and  exposed 
Interconnects. 

Also  examined  was  a 0.4-mm-base-dlameter  tapered  tungsten  pin  protruding 
from  a 10-cm-dlameter  fiberglass  disk  (fig.  2(c)).  The  disk  covered  a 5-cm- 
dlameter,.  centered,  concave  electrode.  The  pin,  attached  to  the  electrode, 
extended  through  a 0.7-mm-dlameter  hole  In  the  fiberglass  to  about  0.8  mm  above 
the  disk's  surface.  Thus  metal  touched  dielectric  only  on  the  underside  of 
the  fiberglass  at  the  edges  of  the  concave  electrode.  The  back  side  of  the 
sample  was  covered  with  Kapton  tape  to  prevent  current  collection  on  the  rear 
surface.-  The  same  sample  was  also  tested  with  a 3-cm  by  2-cm  piece  of  Kapton 
tape  on  the  fiberglass  surface.  The  tape  was  pierced  by  the  pin  so  that  the 
pin  was  In  contact  with  the  tape. 

Finally,  a 5-mm-dlameter  coaxial  cable  (RG  58B/U)  was  cut  (fig.  2(d))  with 
the  ground  shielding  stripped  1.5  cm  away  from  the  exposed  surface  to  expose 
the  copper  center-conductor  and  surrounding  Insulation. 


DISCUSSIQN-ANO  RESULTS,  FOR  INDIVIDUAL  SAMPLES 
Disk/Pinhole 

Current  collection  rose  linearly  with  voltage  but  rarely  terminated  In 
arcing  for  the  plain  pinhole  sample.  The  few  arcs  that  did  occur  were  attrib- 
uted to  dust  particles  Inside  the  hole.  With  the  wire  strands  In  place,  arcs 
occurred  regularly  at  an  applied  bias  of  about  -500  V or  more  and  were  seen 
near  or  la  the  pinhole  but  not  at  the  strand  tips.  The  observations  might 
suggest  that  sharp  or  discontinuous  surfaces  and  close  proximity  of  dielectric 
are  requirements  for  arc  discharging. 


Solar  Cell  Array 

In  tests  of  the  fully  exposed  (unmasked)  solar  array,  arcing  occurred  at 
-300  V or  more,  and  arcs  were  seen  on  all  Interconnects,  although  they  tended 
to  occur  more  frequently  toward  the  outer  edges  of  the  array.  The  exposed 
area  of  the  second  masking  test,  located  on  an  edge  of  the  array,  arced  more 
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often  than  the  first,  although  the  exposed  metal  area  was  roughly  the  same 
(fig.  2(b)) . 

During  long  constant-applled-blas-voltage  tests,  the  discharge  rate  of 
the  fully  exposed  array  segment  decreased  with  time  (fig.  3).  Perhaps  arcs 
were  blunting  metal  edges-,  rendering  them  less  likely  sites  for  future  arcing. 
The  arc  rate  appeared-  to  reach  some  nonzero  equilibrium  value.  However,  longer 
tests  are  needed  to  determine  this  conclusively.  The  rapid  decrease  and  sub' 
sequent  rise  In  arc  rate  from  about  20  to  75  min  (fig.  3)  may  be  the  result  of 
varying  plasma  characteristics  early  In  the  test. 

Visible  damage  to  the  solar  cell  array  as  a result  of  arcing  (fig.  4) 
appeared  to  be  limited  to  a roughening  of  Interconnect  surfaces,  mostly  con 
centrated  in  spots  near  Interconnect  edges  and  protrusions.  In  addition, 
coloration  of  the  Interconnect  surfaces  occurred  along  the  length  of  several 
Interconnects.  The  coloration  may  be  the  result  of  vacuum  pump  oil  contamina- 
tion, although  this  Is  not  certain.  It  Is  not  known  to  what  extent  a film  of 
oil  might  affect  the  test  results. 

With  the  21.1-MQ  current-limiting  series  resistance  removed,  arcs  were 
much  brighter,  exhibited  larger  peak  currents,  and  were  longer  In  duration. 
Damage  to  the  Interconnect  surfaces  was  much  more  extensive  and  Included 
regions  where  metal  appeared  to  have  melted  and  then  resolidified  (fig.  5). 
Coloration  occurred  and  was  also  more  pronounced  and  extensive  than  after  tests 
with  the  large  resistance  In  place. 


Tungsten  Pin/Disk 

No  arcing  was  observed  with  the  plain  pin/disk  sample.  However,  with  the 
Kapton  In  place,  energetic  discharges  occurred  at  applied  bias  of  -800  V or 
more.  The  difference  In  behavior  with  and  without  the  Kapton  (arcing  versus  no 
arcing)  could  be  due  to  the  differing  dielectric  properties  of  fiberglass  and 
Kapton.  Yet,  based  on  aforementioned  observations  of  the  disk/pinhole  sample. 
It  Is  more  likely  that  the  dielectric  must  be  very  close  to  or  actually  touch- 
ing an  exposed  conductor  for  arcing  to  occur.  The  Intensity  of  the  arcs  and 
the  high  threshold  voltage  for  the  pin/disk,  relative  to  those  of  the  other 
samples  tested,  suggest  that  the  sample  configuration  and  the  type  of  conduc- 
tive material  used  play  some  role  In  the  discharge  mechanism. 


Cable  End 

The  cable  end  arced  at  applied  bias  of  -400  V or  more.  Since  the  total 
Insulation  area  was  much  less  on  this  sample  than  on  others.  It  can  be  deduced 
that  a large  dielectric  area  Is  not  a requirement  for  arc  discharging.  Further 
exploration  Is  needed  to  determine  the  nature  of  dielectric  area  dependence. 


GENERAL  ARC  CHARACTERISTICS 

Some  general  statements  can  be  made  concerning  the  discharge  phenomena 
observed  on  all  of  the  samples  that  arced  when  tested. 


Arc  Events 


The  observed  discharges  appeared  to  be  blue  point  flashes- that  seemed  to 
occur  Individually.  The  time  between  arc  events  was  measured- to  be  as  short 
as  I sec  or  less.  Often,  current  collection  appeared  to  be  staWe  right  up  to 
the  point  of  discharge,  with  stable  collection  resuming  shortly  afterward. 

This  was  excepted  In  certain  cases  of  a high  arcing  rate  (of  the  order  of  1 
arc/sec)  when  the  steady  state  collection  cowent  was  not  well  defined. 

There  was  an  approximately  linear  Increase  In  collection  current  as  the 
bias  voltage  was  Increased  negatively,  and  discharges  began  to  occur  at  some 
definite  threshold  voltage.  As  shown  In  figure  6,  steady-state  collection  was 
measurable  and  continued  to  rise  linearly  at  applied  bias  voltages  greater 
than  or  equal  to  the  arcing  threshold  voltage.  The  difference  In  the  slopes 
of  the  masked  solar  cell  array  and  pin/disk  curves  represents  the  difference 
In  available  collection  area  (exposed  metal  area)  of  the  two  samples. 


Threshold  Voltage 

Each  sample  that  arced  did  so  at  a slightly  different  Initial  threshold 
voltage,  ranging  from  -300  V for  the  fully  exposed  solar  cell  array  to  -800  V 
for  the  tungsten  pin/disk  sample.  In  all  cases  the  threshold  voltage  became 
more  negative  as  the  total  arcing  experience  accumulated.  For  example,  a 
sample  with  an  Initial  threshold  for  arcing  of  -500-V  applied  bias,  which  was 
biased  at  -800  V for  some  time,  would  later  exhibit  arcs  rarely,  If  at  all,  at 
-500  V.  The  data  were  not  conclusive  as  to  the  effect  of  plasma  density  on 
threshold  voltage,  In  part  because  of  this  variance  In  threshold  voltage  with 
accumulation  of  arcing. 


Duration  and  Peak  Current 

Oscilloscope  traces  of  current  pulses  were  recorded  during  arc  events  on 
various  samples.  The  traces  (fig.  7)  represent  negative  charge  leaving  the 
capacitor'  In  the  electrical  system  during  an  arc  event.  The  arc  duration  was 
about  10  . 30  usee  with  the  21.1-Mft  resistance  In  series,  and  greater  than 

1 msec  without  the  resistance.  Arc  peak  current  was  generally  0.5  to  2 A with 
the  resistance,  and  about  40  A or  more  without  It.  The  fact  that  arc  peak 
current  decreased  with  series  resistance  may  Indicate  a cutoff  point  at  which 
the  available  current  would  not  be  enough  to  sustain  arcing. 


Arc  Rate 

The  arc  rate  Inc-eased  with  applied  voltage  and  plasma  density  for  the 
fully  exposed  solar  array  (fig.  8).  This  behavior  was  characteristic  of  all  of 
the  samples  that  arced.  The  arc  rate  decreased  with  time  during  long  tests  of 
the  fully  exposed  solar  cell  module  (fig.  3).  This  trend  was  also  Indicated 
during  shorter  tests  of  other  samples.  As  stated  earlier,  longer  tests  are 
needed  to  determine  conclusively  whether  the  arc  rate  does  Indeed  reach  some 
nonzero  equilibrium  value. 
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Surface  Voltage  Profiles 


Strip-chart  records  of  typical  surface  potential  profiles  were  obtained  by 
sweeping. the  electrostatic  probe  (fig.  9).  Characteristics  of  these  profiles 
Include  large  voltage  readings  over  exposed  metal  regions  and  lower  potential 
readings  over  dielectric  areas.  During  the  electrostatic  probe's  sweep,  dis- 
charges would  often  occur  as  the  probe  moved  over  an  exposed  metal  region. 

This  behavior  suggests  that  the  probe  could  have  Induced  some  discharges.  It 
IS  thought  that  localized  solar  cell  arcs  affect  the  surface  potentials  Of  the 
rest  of  an  array  (ref.  3).  The  potential  profiles  made  In  this  Investigation 
Indicate  that  the  test-sample  response  time  to  an  arc  event  was  probably 
shorter  than  the  response  times  of  the  electrostatic  probe  and  the  strip  chart. 

In  addition,  the  results  show  that  arcs  can  occur  not  only  on  solar  cell 
arrays,  but  also  on  other  surfaces  with  exposed  metal  that  are  biased  at  high 
voltages  In  a plasma. 


SUGGESTIONS  FOR  FURTHER  STUDY 

More  data  are  needed  to  clarify  the  relationships  of  arc  rate  and  thres- 
hold voltage  to  bias  voltage  and  plasma  density.  Surface  potentials  and  plasma 
behavior  should  be  examined  more  closely.  It  must  be  discovered  to  what  extent 
arcs  physically  affect  the  dielectric-conductor  surfaces  and  current-voltage 
characteristics  of  a given  test  sample.  A metal  plate  placed  some  distance 
above  a test  sample  surface  might  show  If  and  how  much  metal  or  dielectric  Is 
vaporized.  Finally,  since  arcing  Is  an  optical  as  well  as  electrical  phenome- 
non, spectral  analysis  of  the  discharges  could  provide  valuable  Insights  Into 
arc  mechanism  and  composition. 

Of  major  concern  Is  the  comparative  validity  of  results  obtained  by  using 
a test  rig  containing  shorted  solar  cell  arrays  that  are  biased  with  an  exter- 
nal power  supply  rather  than  by  using  self-generated  voltages.  The  difficul- 
ties that  arise  here  are  the  Introduction  of  the  effects  of  the  external 
supply's  characteristics  and  the  lack  of  the  ability  to  examine  the  actual 
electronic  behavior  of  the  solar  cells  during  arcing.  Also,  the  test  chamber's 
limited  size  (and  the  subsequent  Introduction  of  boundaries)  probably  affects 
the  plasma  behavior  (e.g.,  wave  propagation).  However,  this  test  setup  does 
allow  for  visual  and  spectroscopic  observation  of  arcs,  which  would  probably 
not  be  possible  during  a simulated  sunlight  test  because  of  the  great  Intensity 
of  ambient  light  In  the  test  chamber. 


CONCLUSIONS 

This  study  confirms  the  results  of  previous  studies  that  found  that  vis- 
ible arcs  occur  on,  or  very  near,  the  Interconnects  of  solar  cell  arrays  biased 
several  hundred  volts  negative.  The  results  show  that  arcing  Is  not  solely  a 
solar  array  phenomenon,  but  that  arcs  can  occur  on  other  dielectric-conductor 
configurations  n well.  There  are  Indications  of  geometrical,  material, 
plasma  density,  and  applied  bias  voltage  dependence  of  the  discharges,  in 
addition,  the  arc  behavior  of  a sample  can  be  categorized  by  parameters  that 
Include  arc  rate,  threshold  voltage,  duration,  arc  current,  and  optical  Inten- 
sity. Moreover,  further  study  Is  required  before  the  arc  phenomenon  will  be 


372 


adequately  understood*  and  hence,  before  the  limiting  factors  of  arcing  In  the 
design  of  large  high-power  photovoltaic  systems-  can  be  thoroughly  assessed. 
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Figure  3 - Arc  rate  decrease  during  long  constant- 
voltage  test.  Fully  exposed  solar  cell  module;  applied 
bias  voltage,  -700  V;  plasma  number  density, 

Ne  ’ 1. 8x10*  electronsfcm3. 


(ai  Untested  specimen. 


Figure  4 - Comparison  of  untested  solar  cell 
module  and  one  that  underwent  extensive 
arcing  tests  without  current-limiting 
resistance. 


Figure  5.  - Damage  at  two  separate  Interconnect 
locations  on  fully  exposed  solar  cell  module  alter 
tests  without  current-limiting  resistance. 
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Figure  6.  - Linear  rise  of  collected  current  with  applied 
bias.  Voltage  thresholds  (initial  arcsl  are  indicated. 


tbl  Fully  exposed  solar  cell  module.  Series  resistance  removed: 
applied  voltage,  -775  V. 


(cl  Tungsten  pin/disk  with  Kapton  tape.  Applied  voltage.  -800  V. 
capacitance,  a 01  pF. 


Figure  7.  - Illustrations  ot  oscilloscope  traces  recorded  during  arc 
events,  showing  peak  current  and  duration  of  arcs. 
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Applied  bias  voltage.  V Plasma  density,  electrons /cm^ 


tai  With  applied  bias  voltage.  (b)  With  plasma  density.  Constant  applied  bias  vot  )yc,  i V-  V 

Ne  • 1.64xio3  electrons/cm3. 

figure  8.  - Arc  rate  increase  for  fully  exposed  solar  cell  module. 


Substrate  e~ — 

Cells  and  interconnects  1 
Coverslides ' 


during  sweep 
(unknown  location) 


(a)  Fully  exposed  solar  cell  (five  interconnects  and  four  cells). 


(b)  Pin  (disk  with  Kapton  tape. 

Figure  9.  - Surface  voltage  profiles  made  with  sweeping  electrostatic  probe. 
Exposed  metal  regions  at  high  voltages;  dielectric  at  lower  potentials. 
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DISCHARGES  ON  A NEGATIVELY  BIASED  SOUR  CELL  ARRAY 
IN  A CHARGED  PARTICLE  ENVIRONMENT 


David  B.  Snyder 

National  Aeronautics  and  Space  Administration 
Lewis  Research  Center 
Cleveland,  Ohio  44135 


The  charging  behavior  of  a negatively  biased  solar  cell  array  when  sub- 
jected to  a charged-particle  environment  was  studied  In  the  Ion  density  range 
200  to  12  000  lons/cm3  with  the  applied  bias  range  -500  to  -1400  V.  The 
profile  of  the  surface  potentials  arross  the  array.  was_related  to  the  presence 
of  discharges. 

At  the  low  end  of  the  Ion  density  range  the  solar  cell  coverslldes  charged 
to  0 to  5 V Independent  of  the  applied  voltage.  No  discharges  were  seen  at 
bias  voltages  as  large  as  -1400  V.  At  the  higher  Ion  densities  the  coversllde 
potential  began  to  fluctuate  and  became  significantly  negative.  Under  these 
conditions  discharges  can  occur.  The  threshold  bias  voltage  for  discharges 
decreased  with  Increasing  Ion  density.  A condition  for  discharges  emerging 
from  the  experimental  observations  was  that  the  average  coversllde  potential 
must  be  more  negative  than  -4  V.  The  observations  presented  suggest  that  the 
plasma  potential  near  the  array  becomes  negative  before  a discharge  occurs. 

This  suggests  that  discharges  are  driven  by  an  Instability  In  the  plasma. 


INTRODUCTION 

It  Is  well  known  that  If  an  uni  1 lumlnated,  shorted  solar  cell  array  Is 
biased  sufficiently  negative  In  the  presence  of  a plasma,  It  will  exhibit  arc 
discharges  (refs.  1 to  3).  The  trigger  mechanism  for  these  discharges  Is  not 
yet  understood.  This  work  studied  this  effect.  The  current  working  hypothesis 
(ref.  3)  Is  that  when  the  electrical  field  strength  between  the  solar  cell 
coverslldes  and  the  Interconnects  becomes  too  great,  a discharge  can  occur. 

The  electric  fields  will  be  roughly  proportional  to  the  potential  difference 
between  the  Interconnects  and  adjacent  coverslldes  and  the  distance  over  which 
most  of  the  change  In  potential  occurs. 

As  ari  alternative  hypothesis,  I assumed  that  the  gradient  of  the  potential 
causes  the  attracted  positive  Ions  to  be  focused  on  the  Interconnects  and  that 
the  size  of  the  region  over  which  the  potential  changes  can  vary,  changing  the 
efficiency  with  which  Ions  are  collected  at  the  Interconnects.  Eventually, 
over  microseconds,  this  current  might  become  great  enough  to  overload  the  power 
supply  and  result  In  an  apparent  discharge. 

In  this  study,  both  of  these  hypotheses  were  examined,  taking  Into  account 
the  potentials  observed  on  the  biased  solar  array.  A shorted,  biased  solar 
array  was  subjected  to  a plasma  where  the  Ion  density  was  low  enough  that  the 
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profile  of  the  potential  along  the  surface  of  the  array  changed  on  a time  scale 
of  seconds  to  minutes.  The  profile  of  the  potential  along  a portion  of  the 
array  was.  monitored  by  sweeping  an  electros-tatto  voltage  probe  across  the  array 
at  5-mlh  Intervals.  Discharges  were  detected  by  a probe  that  was  capacitlvely 
coupled  to  the  back  c?  the  array.  With  this  apparatus  -the  conditions  under 
which  discharges  do  and  do  not  occur  was  Investigated.  The  charging  behavior 
of  the  coverslldes  Is  discussed  with  respect  to  these  discharges. 

The  observations  reported  herein  do  not  support  either  of  the  preliminary 
hypotheses,  which  assume  that  a discharge  arises  from  the  electric  fields  on 
the  array.  Instead  the  plasma  Itself  may  be  responsible  for  the  discharge. 


EXPERIMENT 

This  work  was  undertaken  to  measure  the  profile  of  the  potential  across  a 
biased  solar  array  and  to  determine  Its  response  to  a plasma  environment.  Of 
special  Interest  Is  the  behavior  under  conditions  where  discharges  occur.  The^' 
experimental  apparatus  (fig.  1)  consisted  essentially  of  a plasma  source^.-ar'"'" 
solar  array,  plates  to  monitor  the  environment,  and  an  electrostatlp-^fobe  to 
read  the  potential  along  the  surface  of  the  array.  The  vacuunL-effa'mber  w.'*>  1 m 
In  diameter  by  2 m long.  It  used  Ion  pumps  and  a turbojjpmpr'io  reach  a *ase 
pressure  of  under  IQ-6  torr.  During  these  experlmentsTwIth  the  plasma  source 
on,  the  pressure  was  In  the  range  4xl0-6  to  10xl0-6  torr,  the  lower  pressure 
corresponding  to  lower  Ion  densities^ 

An  electron  bombardment  Ionizer  was  the  plasma  source.  It  used  a hot 
filament  to  generate  electrons.  The  electrons  were  accelerated  to  about  50  V 
to  Ionize  nitrogen  gas  as  It  flowed  Into  the  vacuum  system.  Current  through  a 
coll  concentric  with  the  Ionization  chamber  generated  a magnetic  field  to  In- 
crease the  effective  path  length  of  the  electrons  In  the  gas  and  thus  Increase 
the  plasma  density. 

Limited  plasma  measurements  were  obtained  during  the  experiments.  To 
Improve  confidence,  plasma  characteristics  under  similar  conditions  were 
obtained  later  by  using  a 1200-cm2  plate  as  a Langmuir  probe.  The  electron 
temperatures  were  about  1 eV;  the  plasma  potentials  were  about  10  V;  and  the 
Ion  densities  ranged  from  200  to  12  000  cm-3.  These  parameters  should  be 
regarded  as  order-of -magnitude  estimates. 

The  array  segment  (fig.  2)  used  In  this  work  was  originally  constructed 
for  the  SPHINX  satellite.  It  has  been  used  for  studies  of  electron-beam- 
stimulated  discharges  (refs.  4 and  5).  It  was  constructed  from  twenty-four 
2-cm  by  2-cm  solar  cells  connected  in  series  and  forming  a 6x4  array.  The 
Interconnects  were  1-mm-wlde  silver  strips  running  along  the  edge  of  each  cell 
and  had  four  flat  wires  forming  the  connections  to  the  following  cell.  The 
gaps  oetween  cells  for  these  connections  were  0.2  to  0.5  mm  wide.  The  surfaces 
of  the  cells  were  protected  by  fused  silica  coverslldes,  0.15  to  0.25  mm  thick. 
The  coverslldes  did  not  extend  over  the  main  metal  strip.  The  base  for  the 
array  was  a fiberglass  printed  circuit  board.  A sheet  of  Kapton  separated  the 
array  and  base.  On  the  back  of  the  base,  a 2.5-cm-radlus  copper  disk  had  been 
etched  and  covered  with  Kapton.  This  back  plate  served  as  a probe  capacltlvely 
coupled  to  the  array  and  measured  changes  In  the  array's  potential.  The  bias 
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voltage  was  applied  to  the  Interconnects  with  a Spellman  RHR-2QPN60/RVC  power 
supply.  This  power  supply  can  provide  voltages  to  20  kV  and  current  to  3.3  mA 
(ref.  6). 


During  a typical  run  data  were  taken  for  1920  sec  and  stored  at  0.5-sec 
Intervals  by  a MINC-23  computer  with  an  analog/digital  converter.  At  300-sac 
intervals- the  noncontacting  Trek  electrostatic  voltage  probe  was  swept  across 
the  array.  This  probe  reads  a voltage  by  nulling  the  electric  field  between 
Itself  and  area  being,  investigated.  It  was  close  enough  to  the  array,  about 
0.75  mm,  to  average  the  potential  over  an  area  of  about  1.6  mm2.  The  probe 
took  120  sec  to  sweep  down  the  array,  during  which  time  Its  position  and  volt- 
age were  recorded.  During  the  following  180  sec,  until  the  next  probe  Sweep, 
the  pressure  was  monitored.  The  electrostatic  probe  returned  to  its  base 
position  over  a ground  reference  plate  during  the  first  60-sec  of  this  period. 

Discharge  transients  were  detected  by  using  the  back -plate  probe.  The 
capacitance  of  the  back  plate  to  the  solar  array  was  65  pF,  and  to  ground  It 
was  616  pF.  A fast  test  pulse  was  used  to  determine  the  characteristics  of  the 
system.  This  caused  the  cable  to  ring  at  15  to  20  MHz,  consistent  with  the 
4.4-ro  cable  length  from  back  plate  to  a Blomatlon  6108  transient  recorder.  But 
the  transient  recorder  had  an  Internal  high-frequency  limit  of  2.5  MHz.  The 
50-ohm  cable  was  terminated  with  50  ohms  at  the  transient  recorder  but  was  open 
at  the  back  plate.  This  arrangement  measured  rate  of  change  of  the  average 
voltage  on  the  array.  Ourtng  discharges  the  arc  current  exceeded  the  current 
limit  of  the  power  supply,  and  the  power  supply  did  not  succeed  In  maintaining 
the  bias  voltage  at  the  discharge  site  on  the  solar  array.  The  signal  shown 
In  figure  3 Is  characteristic  of  discharges  that  appear  as  arcs  on  the  array. 
The  time  of  appearance  of  this  signal  was  used,  as  the  time  of  discharging.  The 
discharge  times  were  recorded  and  the  waveforms  of  the  discharges  (l.e.,  the 
current  to  the  back  plate)  were  recorded  by  the  transient  recorder. 


RESULTS 

Three  sets  of  data  were  obtained:  one  for  low  Ion  density  (pressure  of 

4xl0-6  torr;  Ion  density  of  about  200  cm-2),  one  for  a medium  density  (pressure 
of  6xlQ-6  torr;  Ion  density  of  about  8000  cm-3),  and  one  for  a high  Ion  density 
(pressure  of  8xl0-6  torr;  Ion  density  of  about  12  000  cm-3).  The  data  obtained 
are  summarized  In  table  I. 

At  low  Ion  densities,  bias  voltages  of  -600  to  -1400  V were  applied.  No 
discharges  occurred.  A typical  electrostatic  voltage  profile  across  the  array 
Is  shown  In  figure  4.  rigure  4(a)  Illustrates  the  profile  across  the  array  at 
various  times;  figure  4(b)  shows  the  behavior  of  two  particular  cells.  When 
the  biasing  voltage  was  first  applied,  both  the  Interconnects  and  the  cover- 
slides  went  to  the  applied  potential  (l.e.,  the  coverslldes  had  no  net  charge). 
The  coverslldes  then  slowly  accumulated  positive  charge  and  approached  a 
slightly  positive  potential.  The  potential  of  the  surrounding  Kapton  changed 
relatively  rapidly  because  of  Its  lower  capacitance  to  the  Interconnects.  On 
the  array  Itself  the  central  coverslldes  charged  rapidly,  with  those  cover- 
slides  closest  to  the  plasma  source  charging  most  rapidly.  This  effect  was 
probably  related  to  the  array's  vertical  orientation  In  the  tank.  When  the 
array  was  vertical,  the  door  of  the  tank  was  about  1 m In  front  of  It  and  the 
center  charged  most  rapidly.  In  a horizontal  orientation,  the  edges  of  the 
array  charged  most  rapidly,  with  the  wall  of  the  tank  being  about  0.4  to  0.5  m 
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above  the  array.  This  behavior  was  apparently  a consequence  of  the  relevant 
characteristic  lengths  of  the  plasma  being  of  the  Same  order  oe  magnitude  as 
the  dimensions  of  the  tank.  This  particular  charging  feature  Is  not  expected 
In  space. 

The  coverslldes  tended  to  charge  to  a slightly  positive  potential,  4.  to 
10  V.  They  simply  charged- to  the  plasma  potential.  At  high  bias  voltages 
fluctuations  In  potential  across  the  array  appeared  and  tended  to  get  more 
pronounced  at  higher  biases,  as  shown  In  table  I.  These  fluctuations  suggest- 
that  the  local  plasma  potentials  near  the  array  are  becoming  nonuniform. 

At  higher  Ion  densities  the  behavior  of  the  coversllde  potential  was  sub- 
stantially different  (fig.  5).  Initially  the  coverslldes  charged  rapidly  to  a 
slightly  positive  potential  (the  plasma  potential).  But  the  coverslldes  then 
slowly  became  negative,  and  the  potential  across  the  array  began  to  fluctuate. 
At  higher  negative  biases  and  higher  Ion  densities,  the  average  coversllde 
potential  was  more  negative,  and  the  fluctuations  became  more  substantial. 

This  Is  demonstrated  In  table  I,  where  the  high  standard  deviations  Indicate 
significant  variations  In  potential  across  the  array.  Under  these  conditions 
discharges  can  occur. 

The  fluctuations  In  potential  across  the  array  can  be  used  to  Identify 
sites  associated  with  discharges.  The  potentials  of  the  two  coverslldes  at  1 
and  3 cm  (fig.  5(a))  became  Increasingly  negative  between  300  and  900  sec. 
After  a discharge  at  1189  sec  this  feature  disappeared,  an  Indication  that  the 
discharge  occurred  near  this  region  of  the  array. 

In  several  cases  discharges  occurred  while  the  electrostatic  probe  was 
measuring  the  surface  potential.  From  these  cases  (fig..  6)  It  Is  apparent 
that  the  coverslldes  attained  nearly  the  Interconnect  potential  at  the  time  of 
the  discharge  and  then  recharged  to  ground.  Since  not  all  of  the  features  In 
the  potential  profile  were  changed,  the  discharge  was  apparently  a local 
effect. 


DISCUSSION 

The  shapes  of  the  potential  profile  near  an  Interconnect  are  shown  under 
conditions  that  do  not  (fig.  7)  and  do  (fig.  8)  cause  discharges.  Figure  7 
shows  the  measured  voltage  profile  at  an  Interconnect  at  low  Ion  density  for 
biases  of  both  -800  and  -1400  V »1.e.,  conditions  where  no  discharges  were 
detected).  The  spatial  resolution  of  the  electrostatic  probe  '.s  poor  compared 
with  the  size  of  an  Interconnect,  and  the  distances  between  positions  where  the 
potentials  are  read  were  long  compared  with  the  width  of  the  Interconnects. 
However,  data  from  separate  probe  sweeps  were  consistent  with  each  other. 

Data  from  separate  sweeps  could  be  aligned  by  calculating  the  position  of  the 
negative  peak  from  the  curvature  at  the  three  most  negative  points.  When 
aligned  In  this  way,  the  data  constructed  a consistent  view  of  the  potential 
In  the  region  of  the  Interconnect.  In  fact,  there  were  no  measurable  differ- 
ences between  the  two  profiles  when  the  -800-V  profile  was  normalized  to  the 
-1400-V  profile  by  using  an  appropriate  scaling  factor  of  14/8. 

Figure  8(a)  shows  the  profile  at  an  Interconnect  biased  to  -1000  V under 
conditions  where  discharges  were  detected.  The  primary  difference  between 
profiles  obtained  at  different  times  was  that  the  average  potential  of  the 
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coverslldes  shifted.  In  figure  8(b)  the  data  points  for  this  case  are  super- 
imposed on  and  compared  with  the  profile  when  no  discharges  were  seen  (-800  V). 
The  difference  between  these  two  sets  of  data  was  primarily  due  to  the  cover - 
sllde-poteotlals. 

The  hypothesis  proposed  by  Stevens  et  aL.  (ref.  4)  that  discharges  are 
related  to  the  patentlal  gradient  between  the  coverslldes  and  the  interconnects 
Vs  not  Supported  by  this  work.  At  low  ion  densities  no  discharges  were  seen 
even  though  the  coversllde  potentials  reached  ground  and  the  bias  was  very  neg- 
ative. In-  contrast,  under  discharge-prone  conditions,  discharges  were  more 
likely  to  occur  when  the  coverslldes  were  at  a substantially  negative  potential 
rather  than  when  their  potentials  were  near  ground  Or  slightly  positive.  The 
electric  fields  did  not  appear  to  change  significantly.  The  spatial  resolution 
of  the  measurement  was  millimeters,  so  this  observation  was  not  conclusive. 

In  fact,  these  measurements  show  that  the  electric  field  was  above-106  V/m. 

But  because  the  coverslldes  were  more  negative,  and  the  change  In  voltage  less 
under  conditions  where  discharges  occurred  than  when  they  did  not,  the  hypoth- 
esls-was  not  supported. 

Similar  conclusions  were  drawn  with  respect  to  the  other  hypothesis  ad- 
vanced here,  that  focusing  of  the  attracted  Ions  near  the  Interconnect  Is  Im- 
portant to  the  discharge  mechanism.  Changes  In  the  surface  potentials  near 
the  Interconnects  would  permit  the  Ion-focusing  characteristics  of  the  Inter- 
connect to  change.  At  low  Ion  densities  the  profile  of  the  potential  near  the 
Interconnects  did  not  change  with  bias  voltage,  within  the  resolution  of  the 
experiment. 

In  cases  where  discharges  occurred  (fig.  8),  the  behavior  was  less  con- 
clusive. The  shape  obviously  changed,  yet  the  variations  were  primarily  due 
to  shifts  In  the  coversllde  potential.  The  width  of  the  Interconnect  region 
did  not  change  significantly.  If  the  potential  profile  did  change,  It  was 
only  over  distances  as  small  as,  or  smaller  than,  the  Interconnect  width. 
Therefore  the  size  of  the  region  over  which  focusing  could  change  was  small. 
This  work  produced  no  evidence  that  Ion  focusing  near  an  Interconnect  Is  Im- 
portant to  discharging. 

These  data  do  Indicate  that  discharges  occurred  when  the  average  cover- 
slide  potential  was  more  negative  than  -4  V,  regardless  uf  bias  voltage. 

Tlgure  9 shows  the  average  coversllde  potential  as  well  as  Its  standard  devia- 
tion at  various  Interconnect  biases,  for  different  plasma  conditions.  In 
addition  the  number  of  discharges  In  a half-hour  iun  Is  shown  for  those  cases 
where  discharges  occurred.  This  average  was  determined  by  the  Ion  density  and 
the  bias  voltage,  except  for  the  single  case  of  a discharge  at  -600  V,  all 
discharges  occurred  when  some  coverslldes  were  negative. 

The  charged-particle  environment  near  the  array  became  negative  under  con- 
ditions where  discharges  can  occur.  The  current  to  the  grounded  sensor  became 
negative,  and  the  coversllde  potential  became  negative  by  several  tens  of  volts 
locally.  Two  reasons  are  suggested  for  this  behavior:  the  Increase  In  nega- 

tive charge  density  *ould  be  due  to  secondary  electron  emission  from  Ion  colli- 
sions with  the  array,  or  It  could  Indicate  that  Interconnects  at  high  negative 
biases  have  more  of  an  Influence  on  the  shape  of  the  sheath  near  the  array  at 
high  densities  that  at  low  densities  and  that  the  shape  of  the  sheath  has  an 
Important  role  In  the  occurrence  of  discharges. 
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The  second  suggestion  seems  to  be  the  more  Hkely  of  the  two.  The  elec- 
tron emission  could  not  be  from-the  covers  1 Ides , since  they  approached  a 
roughly  equilibrium. potential . This  emission  could  occur  only  near  the  Inter- 
connects^ and  this  would  limit  the  amount  of  emission  available  for  a dis- 
charge. Also  since  the  secondary,  electron  yields  for  Ions  oh  metals  are  low, 
ion  collection  should  not  induce  significant  electron  emission.  An  Instability 
In  the  plasma,  however,  might  be  able  to  access- the  large  amounts- of  charge 
from  the  plasma  used  1n~a  discharge. 


CONCLUSIONS 

The  data  collected  In  this  work  have  been  examined  In  an  effort  to  Iden- 
tify the  mechanism  Initiating  discharges,  on  biased  solar  arrays  In  a plasma. 

The  evidence  submitted  does  not  support  either  of  the  two  hypotheses  examined. 
The  potential  gradient  near  an  Interconnect  was  not  directly  responsible  for 
the  discharges.  At  very  low  plasma  densities.,  biases  as  large  as  -1400  V did 
not  result  In  discharges  even  though  the  coverslldes  charged  slightly  positive. 
With  a resolution  of  the  order  of  millimeters,  the  distance  over  which  the 
potential  changed  with  no  discharges  resulting  was  no  different  than  the  dis- 
tance for  cases  that  resulted  In  discharges.  In  addition,  the  electric  field 
near  the  Interconnects  was  greater  when  no  discharges  were  seen-ihan  when  they 
were  seen. 

Focusing  of  attracted  Ions  probably  does  not  play  an  important  role  In 
the  Initiation  of  discharges.  Again,  the  shape  of  the  potential  profile  near 
the  Interconnect  did  not  change  appreciably,  on  a scale  of  millimeters,  between 
conditions  that  produced  discharges  and  those  that  did  not. 

Both  the  plasma  and  dielectric  surfaces  seemed  to  play  Important  roles  1n- 
the  Initiation  of  discharges.  Before  discharges  occurred,  the  coverslldes  on 
the  array  became  negative.  This  Indicated  that  changes  In  the  plasma  sheath 
were  taking  place,  which  In  turn  suggested  that  the  plasma  Itself  was  playing 
an  Important  role  In  the  appearance  of  discharges  on  high-voltage  arrays.  The 
plasma  was  not  simply  supplying  charge  to  the  process  but  might  have  been 
driving  the  discharges. 

Further  work  needs  to  be  done  to  verify  these  observations.  First,  the 
work  should,  be  carried  out  under  better  controlled  and  monitored  conditions. 

The  fluctuations  In  the  coversllde  potentials  should  be  observable  at  lower 
bias  voltages  at  higher  plasma  densities.  In  addition,  theoretical  work  should 
be  done  to  discover  If  plasma  Instabilities  can  exist  under  these  conditions. 
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TABLE  I.  - DATA  OBTAINED 


Bias  voltage, 
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Pressure, 
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voltage, 
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Number  of 
discharges 

Low  Ion  density  (about  200  cm*3) 

-600 

3.70x10*® 

2. 5*0.9 
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-BOO 

3.30 

3. 9*1. 2 

-1000 

4.40 

4.5*1 .6 
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3.50 

3. 7*1. 2 

-1400 

4.10 

2. 3*5. 4 

Medium  Ion  density  (about  8000  cm*3)  j 

-600 

6.15x10“® 

18.2*4 

1 

-000 

6.45 

10.9*6 

0 

-900 

6.15 

3.6*6 

0 

-1000 

5.80 

-3.1*11 

0 

-1100 

5.65 

-8.0*15 

1 

High  Ion  density  (about  12  000  cm*3) 

-500 

8.05x10*® 

8.3*11 

0 

-600 

8.00 

6.3*16 

0 

-700 

7.60 

-4.5*19 

0 

-800 

8.35 

-17.5*20 

-900 

7.90 

-16.4*25 

4 

-1000 

8.00 

-31.4*28 

4 

-1100 

7.70 

-3.3*14 

I 

!_J 

385 


fc. 

► 


ORIGINAL  PAG& 

OF.  POOR  QUALITY 


AVERAGE  VOLTAGE.  V PROBE  READING.  V 


tai  Voltage  profile  of  array. 


TIME,  sec 

(bl  Average  voltage  of  individual  coverslides  as 
function  of  time. 


(a)  Voltage  profile  of  array. 


(bl  Average  voltage  of  individual  coverslides  as 
function  of  time. 


Figure  4,  - Covcrslide  behavior  at  low  ion  density. 
Bias.  1400  V:  ion  density.  200  cm*3. 


Figure  5.  - Coverslide  behavior  under  conditions  that 
allow  discharges.  Bias.  -1000  V;  ion  density, 
12000  cm*3. 


30/ 


PROBE  READING.  V PROBE  READING.  V 


'7 


100  i 
0 

”100 

-200 

-300 

-4QQ 

•500 

0 

-100 

-200 

-300 

-400 

-500 

-600 


DISCHARGE 


_L_L I 


■y'*V . 


(31  Bias.  -800  V. 

J DISCHARGE 


J 1 I 1 1 J I 


2 4 6 8 10 

PROBE  POSITION,  cm 


12  14  16 


(b)  Bias,  -1000  V. 

Figure  6.  - Coverslide  behavior  during  a discharge.  Density, 
12  000  cm*3:  a 5 sec  per  point 
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(b)  800-V  reading  scaled  By  10/8. 

Figure  & - Profile  of  potential  near  an  interconnect 
under  conditions  where  discharges  can  occur. 


Figure  7.  - Profile  of  potential  near  an  interconnect 
under  conditions  where  discharges  cannot  occur. 
Ion  density.  200  cm*3;  800-V  reading  scaled  by  14/a 
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DESIGN  GUIDELINES  fQR  ASSESSING  AND  CONTROLLING-SPACECRAFT  CHARGING  EFFECTS 


Carolyn  K.  Purvis 

National  Aeronautics  and  Space  Administration 
Lewis  Research  Center 
Cleveland,  Ohio  44135 

H.  8.  Garrett  and  A.  Whittlesey 
California  Institute  of  Technology 
Jet  Propulsion  Laboratory 
Pasadena,  CaMfornla  91109 

N.  John  Stevens 
Hughes  Aircraft  Company 
El  Segundo,  California 


Experience  has  Indicated  a need  for  uniform  criteria,  or  guidelines,  to 
be  used  In  all  phases  of  spacecraft  design.  Accordingly,  guidelines  have  been 
developed  for  the  control  of  absolute  and  differential  charging  of  spacecraft 
surfaces  by  the  lower  energy  (less  than  approximately  50  keV)  space  charged- 
particle  environment.  Interior  charging  due  to  higher  energy  particles  was 
not  considered.  The  guidelines  have  been  compiled  Into  a NASA  Technical  Paper 
entitled  "Design  Guidelines  for  Assessing  and  Controlling  Spacecraft  Charging 
Effects,"  NASA  TP-2361. 

The  document  Is  divided  Into  five  sections:  (1)  spacecraft  charging  con- 

cepts of  Importance  to  the  designer,  (2)  the  modeling  techniques  to  be  used  to 
assess  whether  the  design  Is  adequate  for  environmental  Immunity,  (3)  specific 
guidelines  for  protecting  systems  and  subsystems,  (4)  test  procedures  for  dem- 
onstrating system  Immunity,  and  (5)  active  charge  control  and  monitoring  tech- 
niques. Appendixes  present  Illustrative  examples  and  the  bibliography  lists 
other  documents  for  those  desiring  further  Information  on  specific  topics. 

The  design  guidelines  document  Is  to  be  regarded  as  a guide  to  good  prac- 
tices for  assessing  and  controlling  charging  effects.  It  Is  not  a NASA  or  Air 
Force  mandatory  requirement  unless  specifically  Included  In  project  specifica- 
tions. It  Is  expected,  however,  that  this  document,  revised  as  experience  may 
Indicate,  will  provide  uniform  design  practices  for  all  space  vehicles.  Copies 
can  be  obtained  by  contacting  Carolyn  K.  Purvis. 
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AEROSPACE  SPACECRAFT-CHARGING  GUIDELINES  DOCUMENT 


J.  F.  Fennell,  D.  F.  Hall,  H.  C.  Koons, 

P.  F.  Mlzera,  and  A.  L.  Vampola  

The  Aerospace  Corporation 
Los  Angeles,  California  90009 


A short  summary  documer  t on  spacecraft  charging  has  been  prepared  for  use  by 
engineers  in  the  various  Aerospace  Corporation  program  offices  that  support  Air 
Force  Space  Division  programs.  The  document  outlines  the  magnetospherlc  charg- 
ing environment  at  near-geosynchronous  altitudes,  discusses  the  mechanisms  of 
charging  and  discharging,  and  presents  statistical  results  from  the  P78-2 
(SCATHA)  satellite  engineering  experiments.  The  document  Is  Intended  to  be  a 
layman's  source  for  charging  Information  and  for  design  guidance  and  criteria. 
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EMI  CHARACTERISTICS  OF  A POTENTIAL  CONTROL  SYSTEM.* 


0.  E.  Donatelll 
Boston  College 

Chestnut  HIU^  Massachusetts  0216? 

H.  A.  Cohen  and  W.  3.  Burke 
Air  Force  Geophysics  Laboratory 
Hanscom  Air  Force  Base,  Massachusetts  01731 

H.  C.  Koons 

The  Aerospace  Corporation 
Los  Angeles,  California  90009 


With  the  development  and  use  of  charged  particle  sources  for  controlling  space- 
craft potentials  there  is  a need  to  better  understand  the  effects  of  these  systems 
on  spacecraft  operations.  The  emission  of  charged  particles  perturbs  the  spacecraft 
environment  and  signals  are  generated  which  may  interfere  with  other  vehicle  functions 
In  particular,  the  generated  signals  are  apt  to  interfere  with  detectors  for  observing 
waves  that  exist  naturally  in  the  space  environment.  Examples  of  this  type  of  inter- 
ference are  presented  from  the  SCATHA  satellite  during  a period  when  the  vehicle  was 
highly  charged.  A plasma  source  on  board  the  spacecraft  succeeded  in  discharging 
the  vehicle  with  each  of  four  different  operating  modes.  The  VLF  broadband  receiver 
on  SCATHA  detected  interference  over  the  entire  0-5  kHz  range  of  both  the  electric 
and  magnetic  field  detectors  during  these  charged  particle  emissions.  This  frequency 
range  includes  the  2 kHz  electron  gyrofrequency  but  is  below  the  9 kHz  electron  plasma 
frequency.  The  observations  suggest  that  interference  occurs  through  introduction 
of  anomalous  signals,  and  through  suppression  of  background  field  measurements. 


INTRODUCTION 


The  development  of  active  means  for  controlling  spacecraft  potentials  is  moti- 
vated from  both  engineering  and  scientific  considerations.  Large  spacecraft  potential 
may  be  responsible  for  operational  anomalies  (ref.  1 and  references  therein)  and  may 
interfere  with  measurements  of  the  characteristics  of  the  cold  plasma  embedded  in 
the  plasma  sheet.  The  cold  plasma  plays  a significant  role  in  providing  neutralizing 
currents  to  spacecraft  (ref.  1).  It  also  acts  as  a catalyst  for  the  generation  of 
wave  turbulence  in  the  plasma  sheet  (ref.  2 and  3).  The  waves  cause  energetic 
electrons  to  diffuse  in  pitch  angle  (ref.4  and  5).  The  lifetime  of  the  charging 
environment  should  then  be  controlled  by  the  diffusion  rate  of  these  electrons. 

Thus,  exact  measurements  of  the  low  density,  cold  plasma  component  in  the  plasma 
sheet  is  required  both  for  specifying  severe  charging  environments  and  for  modelling 
their  dynamics.  Oi fortunately,  the  densities  and  temperatures  of  the  cold  electron 
and  ton  populations  can  only  be  measured  if  the  satellite  potential  is  maintained  at 
low  values  relative  to  the  plasma. 


*This  work  was  supported  in  part  by  Air  Force  Contract  F19628-81-K-00I1. 
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Charge  ejection  systems  have  been  proposed  for  satellite  missions  to  facilitate 
measurement  of  cold  plasma  fluxes  by  actively  maintaining  the  entire  satellite  close 
to  plasma  potential.  Purvis  and. Bartlett  (ref.  6)  have  pointed  out  that  during  a 
92-hour  period  of  continuous  charged  particle  ejection  by  ATS-6,  no  spacecraft  charging 
events  were  detected,  although  several  plasma  injection  events  were  encountered. 
Experience  with  similiar  injection  events  suggests  that  if  the  charge  ejection  system 
ha4-oot  been  operating,  severe  charging  would  have  occurred. 

Electron  beam  and  plasma  beam  systems  were  put  on  the  SCATHA  satellite  to  study 
the  discharging  of  satellites  near  geostationary  orbit.  During  the  satellite-eclipse 
period  of  24  April  1979,  SCATHA  encountered  such  an  environment  and  satellite  potentials 
as  low  as  -8  kV  were  measured  (ref»  7).  Attempts  were  made  to  discharge  the  vehicle 
using  both  beam  systems.  The  electron  beam  system  was  able  to  raise  the  vehicle 
potential  to  -1  kV,  but  not  bring  about  complete  discharge.  During  periods  of  plasina- 
beam  emissions  the  vehicle  was  completely  discharged. 

Few,  if  any,  direct  measurements  of  electromagnetic  interference  (EMI)  generated 
during  plasma  beam  operations  have  been  published  in  the  technical  literature.  The 
purpose  of  this  report  is  to  consider  the  impact  of  EMI  generated  by  the  emitted 
plasma  on  the  operation  of  wave  experiments.  Since  SCATHA  is  equipped  with  a plasma 
beam  system  and  a VLF  experiment  capable  of  monitoring  beam-induced  waves,  it  provides 
a unique  set  of  measurements  for  an  EMI  impact  assessment.  Even  though  there  are 
major  differences  between  the  plasma-beam  system  flown  on  SCATHA  and  the  charge 
ejection  systems  proposed  for  vehicle  potential  control,  these  measurements  should 
have  relevance  for  a satellite  that  will  spend  a significant  fraction  of  its  life  in 
plasma  sheet  environments  similiar  to  those  encountered  by  SCATHA- 

In  the  following  section  the  plasma  beam  and  VLF  instruments  on  SCATHA  are 
described.  The  observations  section  examines  VL F measurements  taken  during  the  eclipse 
period  of  24  April  (day  114)  1979.  In  a fifteen-minute  period  of  intermittent  plasma-bea 
emissions,  four  different  modes  of  plasma  emissions  successfully  discharged  the 
vehicle. 


INSTRUMENTATION 


SCATHA  was  launched  in  January,  1979,  into  a near-geosynchronous  (23  hour,  35- 
minute),  near  equatorial  orbit  with  a 7.9  degree  inclination.  The  satellite  is 
cylindrical  in  shape,  spin-stabilized,  with  a period  of  rotation  of  about  58  seconds. 
The  spin  axis  is  in  the  orbital  plane  and  is  maintained  normal  to  the  earth-sun  line 
within  +_  5 degrees.  The  satellite  orbit  has  apogee  of  7.8  Rf  (earth  radii)  and 
perigee  of  5.3  R(:.  During  the  spring  and  fall  the  satellite  enters  an  eclipse 
season,  a period  in  which  a portion  of  each  orbit  intersects  the  earth's  shadow.  The 
maximum  eclipse  duration  per  orbit  is  71  minutes. 

The  SC4-2  instrument  on  the  SCATHA  satellite  was  developed  to  eject  currents 
of  positive  and  negative  charge  either  separately  or  together.  The  major  elements 
of  the  system  are  a xenon  gas  storage  reservoir,  a feed  line  from  the  reservoir  to 
a hollow  cathode,  a discharge  chamber,  ion  optics,  a filament  neutralizer,  and  support- 
ing electronics.  A functional  block  diagram  of  the  SC4-2  payload  is  shown  in  Figure  1. 
On  command,  gas  from  the  reservoir  is  fed  through  the  hollow  cathode  and  into  the 
discharge  chamber.  Ions  are  produced  in  the  discharge  chamber  by  the  impact  of 
electrons  from  the  heated  cathode  with  neutral  xenon  atoms.  The  ion  energy  is  deter- 
mined by  both  the  anode-cathode  potential  difference  and  the  chamber  (screen)  potential 
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relative  to  spacecraft  ground.  The  ions  could  be  ejected  from  the  SC4-2  with  low 
(eV),  as  well  as  high  (keV),  energies.  The  neutralizer  could  be  independently  commanded 
to  be  heated,  biased  with  respect  to  spacecraft  ground,  or  both. -Wide  dynamic- range 
electrometers  permit  measurements  of  the  ion  current  from  the  beam  power  supply,  the 
electron  current  from  the  neutralizer  emission,  and  the  net  emitted- current. 

The  SCI  instrument  on  SCATHA  includes  a.  very-low-frequency  (VLF)  wave  analyzer 
capable  of  taking  broadband  measurements  of  electrostatic  and  electromagnetic  emissions 
from  0-6  kHz*  A 100  meter  tip-to-tip  dipole  antenna  (SC10)  detects  the  electric 
field  component  (E),  and  an  air-core  loop  detects  the  magnetic  field  component  (B) 
of  the  waves.  The  S Cl 0 antenna  consists  of  two  50  meter,  1/4  inch  diameter  antennas 
extending  from  the  spacecraft.  The  sensitivity  of  the  electric  field  receiver  is  5 
x 10-7  V/m  Hz1/ 2 at  1.3  kHz.  The  air-core  loop  is  electrostatically  shielded 
and  has  an  effective  area  of  575  m2  at  1.3  kHz.  It  is  constructed  of  1530  turns 
of  36  AWG  copper  wire  on  a form  50  cm  in  diameter.  The  antenna  is  boom-mounted  two 
meters  from  the  central  portion  of  the  spacecraft.  The  sensitivity  of  the  magnetic 
field  receiver  is  3 x 10*6  y /Hz1/2  at  1.3  kHz.  Prior  to  flight  laboratory 
tests  were  conducted  to  insure  that  the  instruments  were  shielded  so  there  would  be 
no  internally  generated  signals  detected  by  the  E and  B antennas.  During  periods  of 
SCI  operations  presented  here  the  wave  environment  was  sampled  alternately  for  periods 
of  16  seconds  duration  with  the  E and  B antennas.  Data  are  presented  in  a frequency 
versus  time  format.  A grey  scale  indicates  relative  intensities  at  a given  time. 

The  maximum  amplitude  is  measured  by  the  detector's  automatic  gain  control  (AGC) 
system  four  times  per  second  in  unequal  intervals.  The  AGC  measurements,  plotted  in 
field  strength  versus  time,  are  given  with  each  data  sample.  In  the  frequency-time 
spectrograms  information  about  wave  fields  more  than  20  db  below  the  frequency  of 
maximum  amplitude  is  supressed. 


OBSERVATIONS 


During  the  period  between  0747:34  and  0801:45  UT  on  24  April  1979  the  SC4-2 
system  on  SCATHA  operated  intermittently  in  the  plasma-beam  mode.  Throughout  this 
period  the  satellite  was  at  an  altitude  of  ~ 6.7  Rf  in  the  plasma  sheet  and  in  the 
earth's  shadow.  Figure  2 contains  plots  of  the  emitted  ion  current  (top  panel)  and 
the  satellite  frame  potential  (bottom  panel)  for  the  twelve  minutes  following  0750:10 
UT.  Note  that  when  the  plasma-beam  was  not  operating  the  satellite  potential  ranged 
between  -2  and  -3  kV.  This  potential  was  discharged  during  four  distinct  plasma-beam 
operating  modes.  The  ion  and  electron  current  and  energy  levels  connected  with  the 
four  plasma  beam  modes  are  listed  in  Table  1.  Also  listed  in  Table  1 is  the  range 
of  maximum  amplitudes  measured  by  the  electric  and  magnetic  antennas  during  both 
background  and  beam  operation  intervals.  These  ranges  were  determined  from  the  gain 
states  of  the  AGC.  Throughout  this  paper  the  word  "background"  denotes  waves  detected 
while  the  discharge  system  was  not  operating. 

To  help  distinguish  beam-induced  EMI  effects  from  background  emissions 
it  is  useful  to  consider  VLF  measurements  from  the  E and  B antennas  prior 
to  beam  turn-on.  The  bottom  portions  of  Figures  3-3  and  3b  provide  examples 
of  the  E and  P.  background  measurements,  respectively.  The  curves  in  the  top 
panels  of  those  figures  give  the  AGC  levels  of  maximum  signal  intensities. 

These  measurements  correspond  to  the  darkest  portions  of  the  0-6  kHz 
spectrograms.  They  are  given  in  db  V and  ih//w  for  Einax  and  db  y and  my 
for  fynax*  The  background  signals  consist  of  narrow  bands,  approximately 
200  Hz  in  width  centered  near  0.6  and  1.2  kHz.  The  signal  near  1.2  kHz  is 
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the  most  intense.  The  harmonic  bands  near  1.7  and  2.2  kHz  are  believed 
to  be  artifacts  of  ground  station  instrumentation. 

Examples  of  VLF  signals  as  well  as  Emax  and  fy,ax  as  measured  during  each  of 
the  four  modes  of  plasma  beam  emissions,  are  presented  tn  Figures  4-7.  For  ease  in 
comparing  intensifies  of  fields  measured  during  beam  operations  with  background 
measurements  E^,ax  and  0^ax  from  Figure  3 are  plotted,  represented  by  the  Symbol  0, 
with  the  appropriate  beam  mode  (1,  2,  3,  4).  Note  that  AGC  measurements  taken 
immediately  after  the  receiver  switches  to  the  electric  antenna  do  not  provide  reliable 
values  of  the  electric  fields.  During  these  intervals  the  AGC  is  searching  for  the 
appropriate  gain  state.  Often  the  appropriate  state  is  considerably  lower  for  the 
elecric  than  the  magnetic  antenna.  This  is  because  the  reference  voltage  is  1.0  V 
for  thfr  electric  receiver  and  only  300  iV  for  the  magnetic  receiver.  The  system  is 
designed  such  that  the  receivers  center  on  chorus  emissions  and  permit  the  detection 
of  waves  within  +_  30  db  of  chorus  fields. 

The  mode  1 beam  emissions,  from  0753:12  to  0754:08  and  from  0800:07  to  0801:45, 
generated  the  largest  amounts  of  EMI.  In  this  mode  ions  were  emitted  with  energies 
of  1 keV  and  currents  between  1.1  and  1.7  mA.  Electrons  were  emitted  from  a heated 
filament  biased  at  -10V  with  respect  to  the  satellite.  Figures  4a  and  4b  contain 
examples  of  B and  E signals  as  well  as  fy,ax  and  Emax  measured  during  mode  1 
operations.  The  magnetic  signal  consists  of  a band  extending  from  0.5  to  5.0  kHz 
that  has  maximum  intensities  near  1.3  and  3.5  kHz.  Since  the  antenna  response  maximizes 
at  1.3  kHz,  the  greater  intensity  of  that  signal  band  near  that  frequency  is  partly 
an  artifact  of  of  the  system.  However,  the  null  in  the  noise  band  near  3 kHz  implies 
that  the  double-banded  structure  is  real.  Values  of  fy,ax  range  from  40  to  100 
my  and  are  consistently  stronger  than  the  background  emissions.  The  electric 
signal  contains  narrow  bands  centered  near  1,  2 and  3 kHz  with  E,nax  in  the  20  to 
100  ii//m  range.  The  bands  that  appear  between  seconds.  6 through  8 ^f  Figure  4 
are  harmonics  of  the  background,  double  band  spectrum.  In  other  mo^e  1 measurements 
(not  shown)  even  small-scale  rising  tone  features  are  exactly  replicated  in  each  of 
the  bands.  These  multiple  bands  sometimes  span  the  entire  0-6  kHz  bandwidth  of  the 
detector.  The  values  of  Ernax  for  the  multiple  bands  lie  between  100  and  400  y V/m. 
Although  Emax  approaches  background  values  during  these  periods  it  is,  in  general, 
less  than  the  background  Emax. 

In  the  second  plasma-beam  mode  (0754:08  - 0756:19  UT)  ions  were  again  emitted 
with  1 keV  energy  but  at  current  strengths  that  varied  between  0.75  and  0.9  mA. 

Electrons  were  emitted  with  the  same  filament  bias  of  -10  V with  currents  slightly 
more  than  1.0  mA.  Magnetic  and  electric  signals  characteristic  of  mode  2 operations 
are  shown  in  Figures  5a  and  c,  and  5b  and  d,  respectively.  Again  the  magnetic  signal 
covers  the  entire  0.5  to  5 kHz  band.  However,  Bmax  which  ranges  from  10  to  100 
my  may  be  either  less  than  or  greater  than  background  values.  Note  that  the  noise 
level  is  reduced  and  the  background  signal  intensified  in  the  second  sample,  Figure 
5c,  compared  to  the  first  which  is  taken  at  the  beginning  of  the  mode.  The  electric 
signal  is  consistently  weaker  than  the  background  level.  The  stronger  values  of 
Emax  (40  - 200  $/m)  occur  when  background  frequency  signals  are  visible  in 
the  spectrogram.  The  weaker  values  of  F.max  occur  during  periods  of  0-1  kHz  broadband 
noise.  Note  the  stronger  signals  in  the  second  Sample,  Figure  5d,  which  iS  taken  in 
the  latter  portion  of  the  mode  operation.  The  significance  of  these  changes  will  be 
discussed  below. 

The  third  plasma-beam  mode  (0756:19  - 0758:09  UT)  was  characterized  by  ion 
currents  of  0.04  mA  at  energies  less  than  40  eV.  The  electron  current  was  0.45  mA 
with  the  filament  biased  at  -10  V.  VLF  data  representati ve  of  this  beam  mode  are 
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presented  in  Figure  6.  The  magnetic  signal  appears  as  a baud,  decreasing  in  intensity 
with  increasing  frequency,  covering  the  0,5  to  4 kHz  range.  The  most  intense  signal 
is  near  1.2  kHz  with  B^ax  between  10  and  20  my  . This  is  lower  in  intensity 
than  the  background  signals  of  Figure  3.  Some  narrow  band  signals  are  barely  discernible 
near  2.8,  3 and  5 kHz  between  seconds  0 to  2 and  8 to  13.  The  electric  signal  is 
more  complex.  It  includes  a persistent  narrow  band  at  the  background- frequency  of 
1.2  kHz  and  intermittent  signals  at  0.6,  2.2  and  5 kHz-  Note  a-lso  the  presence- of  a 
multiple  band  near  3 kHz.  The  portion  of  this  spectrogram  between  4 and  6 seconds 
and  9 and  11  seconds  shows  that  the  signal  near  2.8  kHz  can  exceed  the  1.2  kHz  signal 
in  intensity.  These  periods  are  also  marked  by  the  presence  of  narrow  bands  near 
0-1  kHz.  Throughout  this  plasma-beam  operation  Emax  was  between  40  and  200  uV/m,_ 
again  less  than  the  intensity  of  background  signals. 

The  fourth  bean  mode  started  at  0759:10  UT  as  a discharge  in  the  ion  source 
chamber  that  lasted  until  0800:07  UT.  The  current  electrometer  measured  a net  positive 
current  of  0.01  mA.  The  energy  of  the  ejected  positive  charge  was  < 40  eV.  Curing 
this  interval  the  satellite  frame  discharged  from  -2.7  k \L  to  within  100  V of  plasma 
potential.  Corresponding  8 and  £ signals  are  presented  in  Figure  7.  The  magnetic 
signal  appears  as  a band  of  variable  intensity,  from  0.5  to  5 kHz,  with  fy,ax  in 
the  10-30  my  range  near  1.2  kHz.  This  is  similiar  to  but  stronger  in  intensity 
than  signals  detected  during  mode  3 operations.  A comparison  of  AGC  levels  with  the — 
spectrogram  shows  that  in  mode  4 Bmax  is  usually  less  than  the  background  level. 
Narrow-band  signals  near  5 kHz  are  visible  when  f^ax  is  weakest.  The  electric 
signals  also  have  characteristics  similiar  to  those  of  mode  3 operations.  The  mode 
4 electric  signals,  however,  contain  numerous  bursts  that  cross  the  entire- band. 

Emax  varies  betwen  40  and  200  u V/m.  The  background  signal  at  1.2  kHz  was 
dominant  during  periods  of  strongest  signals.  During  periods  of  weaker  signals 
(seconds  5 to  7 and  12.5  to  14.5)  the  0.6  kHz  band  and  0 to  .5  kHz  noise  was  dominant. 


SUMMARY  AND  DISCUSSION 


To  provide  a context  for  interpreting  the  VLF  measurements  presented  above  it 
is  useful  to  Summarize  the  plasma  and  magnetic  field  environment  of  SCATHA.  IXiring 
the  period  of  interest  the  SCATHA  dc  magnetometer  measured  magnetic  fields  in  the 
75-80  nT  range.  Thus,  the  electron  gyrofrequency , fe,  was  ~2  kHz.  There  were  no 
measurements  of  the  cold  plasma  (<  10  eV)  by  SCATHA  Instruments.  The  Rapid  Scan 
Particle  Detector  (SC5)  measurements  of  electrons  and  ions  with  energies  between  50 
eV  and  1 MeV  have  been  discussed  in  reference  7.  During  the  period  of  spacecraft 
charging  the  density  of  plasma  sheet  electrons  in  the  energy  range  of  detectability 
was  between  0.5  and  1 cm“3.  Corresponding  plasma  frequencies  and  upper  hybrid 
frequencies,  which  lie  in  the  6.3  to  10  kHz  range,  cannot  be  detected  by  the  SCATHA 
VLF  receiver.  It  is  interesting  to  note  that  the  charging  period  corresponded  to  an 
injection  of  high  energy  (30  - 335  keV)  electrons  whose  combined  fluxes  strongly 
correlated  with  the  satellite  potential.  Electrons  in  this  energy  range  were  highly 
anisotropic  with  maximum  fluxes  perpendicular  to  the  magnetic  field. 

The  background  signals  shown  in  Figure  3 consist  of  a double  band  that  appears 
in  both  the  electric  and  magnetic  field  spectrograms.  Thus,  they  are  electromagnetic 
rather  than  electrostatic  phenomena.  The  frequencies  are  centered  at  0.6  and  1.1 
kHz  with  a null  near  0.5  fe.  There  is  a weaker  double  band  with  a similar  structure 
with  frequencies  centered  at  1.7  and  2.2  kHz  and  a null  near  fe  that  is  considered 
to  be  an  artifact  of  the  ground  station  instrumentation. 
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The  double-banded  electromagnetic  emissions  with  a null  near  0.5  fe  are  a form 
of  magnetospheric  chorus  that  has  been  discussed  extensively  in  the  literature  (refs. 
8-14).  There  is  general  agreement  that  chorus  emissions  result  from  a Doppler-shifted,, 
cyclotron  resonance  between  an  isotropically  distributed,  energetic  electrons  and 
generally  present  background,  electromagnetic  noise.  The  energy  of  resonant  electrons, 
derived  in  reference  4,  is: 


(%->  a 

f 
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With  the  observed  magnetic  field  75-80  nT  and  electron  densities  0.5  - 1.0  cm-3 
the  magnetic  energy  density  per  particle  lies  between  14  and  32  keV.  Setting  f = .5  fe 
we  estimate  a band  of  resonant  energies  extending  from  3.5  to  8 keV.  Electron  measure- 
ments from  this  period  reported  in  reference  7,  show  that  anisotropic  electrons  in 
this  energy  range  were  present  in  abundance.  To  the  best  of  our  knowledge,  there  is 
no  generally  accepted  explanation  for  the  missing  emission  band  near  0.5-  fe. 

Examples  of  the  effects  of  plasma  beam  emissions  on  the  detection  of  electric  and 
magnetic  signals  at  VLF  frequencies  have  been  presented  in  Figures  4-7.  Before  the 
plasma  beams  were  ejected,  between  beam  emissions  and  after  beam  turn-off,  the  vehicle 
was  charged  several  kilovolts  and  discrete,  narrow-band  emissions  were  detected  by 
the  electric  and  magnetic  receivers.  As  shown  in  Table  1 the  values  of  Emax  and 
8max>  with  no  beam  emissions  were  in  the  ranges  200-600  yV/m  and  20-60  m-y  , 
respectively.  To  varying  degrees  the  detection  of  background  electric  and  magnetic 
VLF  signals  was  compromised  during  four  distinct  modes  of  plasma-beam  operations 
that  discharged  the  satellite.  (Xiring  beam  operations  magnetic  spectrograms  were 
characterized  by  broad  bands  extending  from  0.5  to  5 kHz  that  make  visual  identifi- 
cation of  background  signals  difficult.  The  intensity  of  B,nax  varied  with  the 
strength  and  duration  of  the  emitted  current.  The  electric  field  spectrograms  more 
readily  provide  information  about  background  signals.  The  narrowband,  background 
signal  near  1.2  kHz  is  nearly  always  present.  However,  there  are  electric  field 
signals  at  other  than  "background"  frequencies.  The  AGC  measurements,  summarized  in 
Table  1 show  that  Efflax  was  consistently  lower  with  the  beam  on  than 
during  beam-off  periods. 


Before  considering  the  wave  measurements  during  beam  operations,  it  is  useful 
to  attempt  a description  of  the  zero-order  effects  of  the  plasma  beam  in  the 
immediate  vicinity  of  the  satellite  and  the  VLF  sensors.  There  is  evidence  from 
the  active  potential  control  experiments  on  ATS-5,  ATS-6  and  SCATHA  that  plasma 
beams  are  successful  in  discharging  differentially  charged  surfaces  as  well  as  the 
conducting  frame  of  the  satellite  (refs.  6 and  15).  From  an  analysis  of  SCATHA 
experimental  data,  in  reference  15  it  is  shown  that  different  physical  processes 
must  be  responsible  in  each  case.  To  begin  with,  the  plasma  beam  must  be  dispersed 
such  that  a cloud  eventually  envelopes  the  whole  satellite.  To  discharge  the 
negatively  charged  satellite  frame  most  beam  electrons  must  escape  to  infinity. 

The  discharge  of  dielectric  surfaces  requires  that  positive  ions  from  the  emitted 
beam  impact  these  surfaces  in  sufficient  numbers  to  neutralize  negative  charges 
deposited  from  the  magnetospheric  plasma.  Secondary  electrons  from  the  impacting 
beam  ions  and  magnetospheric  electrons  probably  play  crucial  roles  in  this 
discharging  procedure.  Whatever  the  details  of  the  discharging  process  may  be,  two 
things  are  clearly  required.  First,  the  sheath  in  the  immediate  vicinity  of  the 
satellite  is  transformed  from  a depleted  plasma  to  an  enhanced  plasma.  The  extent 
of  the  enhancement  sheath  is  not  known.  Second,  the  near  satellite  enhancement 
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region  is  characterized  by  multiple,  complex  current  loops  that  couple  dielectric 
surfaces  with  the  magnetoSpheric  plasma  and  the  satellite  frame.  Recall  that  the 
air  core  loop  is  located  2 in  from  the  satellite  while  the  active  element  of  the 
electric  field  antenna  extends  from  20  to  50  m from  the  satellite-.  If  the  scale 
size  of  the  plasma-enhanced  region  is-les:.  than  50  r.i  very  different,  effects  on  the 
two  systems  may  be  anticipated. 

The  magnetic  spectrograms  are  dominated  by  wide  bands  that  extend  from  0,5  to 
5 kHz.  The  apparent  low  frequency  cut  off  is  an  instrumental  effect.  At  frequencies 
less  than  1 kHz  the  frequency  response  of  the  magnetic  VLF  receiver  decreases  rapidly 
with  decreasing  frequency  (cf  Figure  2 of  ref.  14).  The  presence  of  an  enhanced 
plasma  in  the  immediate  vicinity  of  the  satellite  should  of  itself,  have  no  effect 
on  the  performance  of  the  low  impedance  loop  antenna  (ref.  16).  Rather,  the  data 
suggest  that  the  air  core  loop  is  embedded  in  a dense  region  of  fluctuating  currents 
inherent  to  the  satellite  discharge  process.  These  bands  may  have  harmonic  structure 
(figures  4a  and  5a)  with  intensity  exceeding  that  of  the  background  signals.  The 
signal  strength  intensifies  just  below  the  first  and  second  harmonics  of  the  electron 
gyrofrequency;  i .e.,  2 kHz  and  4 kHz,  respectively.  One  possible  explanation  comes 
from  Ohnuma , et  al. , (ref.  17).  They  have  shown  that  in  a high  density,  hot  plasma, 
e 1 ect romagnet i c waves  may  be  generated  at  these  harmonics-  These  waves  are  back- 
scattered  at  some  critical  low  density  which  implies  they  would  be  confined  to  the 
enhanced  sheath  region  around  the  satellite. 

Structured  emissions  are  detectable,  to  varying  degrees  during  all  beam  operations 
but  are  more  easily  perceived  in  the  electric  field  spectrograms.  These  emissions 
have  five  different  kinds  of  signatures:  (1)  chorus  emissions  centered  at  .6,  and 
1.2  kHz,  (2)  chorus  harmonic  bands, (3)  narrow  bands  near  3 and  5 kHz,  (4)  multiple 
bands  near  3 kHz,  and  (5)  0 to  .5  kHz  ELF  bands.  The  background  chorus  signals 
centered  at  l.l  kHz  were  present  a large  fraction  of  the  time  while  those  at  0-6  kHz 
were  less  frequently  detectable.  Intensities  of  chorus  signals  were  usually  well 
below  those  measured  when  the  beam  system  was  off.  The  diminished  and  sometimes 
totally  suppressed  chorus  seems  to  be  related  to  the  beam  emission  process  rather 
than  to  variations  in  the  emitting  plasma.  This  is  evidenced  by  the  relative  constancy 
of  (1)  E,nax  and  fy,ax  when  the  beam  was  off  and  (2)  the  flux  levels  and  pitch 
angle  distributions  of  electrons  in  the  resonant  energy  range  of  5 to  10  keV.  A 
possible  mechanism  for  reducing  chorus  intensity  measurements  is  discussed  below. 

Multiple  harmonics  of  chorus  emissions  are  occasionally  detected  during  mode  1 
operations,  and  are  most  visible  on  the  electric  field  spectrograms  (figure  4b). 

The  fact  that  multiple  harmonics  only  appear  during  a specific  mode  of  operation  and 
have  never  been  detected  outside  beam  operations  suggests  that  they  are  artifacts  of 
the  beam  emission  process.  How  they  are  produced  is  not  understood  at  this  time. 

It  may  be  that  the  beam  emission  which  is  highly  anisotropic  occurring  at  pitch 
angles  of  70°-140°,  or  the  vehicle  discharging  process,  create  sufficiently  energetic, 
anisotropic  electrons  to  produce  cyclotron  harmonic  resonances  as  discussed  in  refer- 
ences 4 and  18,  which  in  turn  may  produce  harmonics  of  chorus  emissions.  In  the 
near  vicinity  of  the  satellite,  the  high  current  emissions  are  shown  to  intensify 
the  1.2  kHz  signal  (figures  4a  and  5a). 

At  sometime  during  all  four  inodes  of  plasm-beam  operations  narrow  bands  near 
3 kHz  are  visible  in  the  spectrograms.  A similar  band  at  5 kHz  is  detectable 
intermittantly  during  modes  3 and  4.  These  signals  are  present  in  both  the 
electric  and  magnetic  spectrograms.  They  appear  to  be  electron  cyclotron  harmonic 
(ECH)  waves.  Wave  modes  of  these  types  propagate  nearly  perpendicular  to  the 
magnetic  field  between  harmonics  of  the  electron  gyrofrequency  and  may  be  associated 
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with  positive  slopes  in  the  electron  distribution  function  ( 9f/3v^>  0). 

However,  the  responsible  electrons  have  energies  considerably  lower  than  those  responsible 
for  chorus  waves  (ref.  2).  We  note  that  on  several  occasions  the  appearance 
of  ECH  waves  coincided  with  the  complete  suppression  of  the  1.2  kHz.  chorus  band. 

The  observation  of  a magnetic  component  is  contrary  to  other  observations  in 
space  (ref..  3)  and  is  not  yet  understood*  The  ECH  waves  are  assumed  to  have 
long  wavelengths,  much-  greater  than  the  50  cm  diameter  of  the  magnetic  loop  antenna. 
Therefore,  there  should  be  no  coupling  of  the  wave  electric  fields  to  this  antenna*- 
It  may  be,  however,  that  these  waves  generate  local  current  oscillations  in  the 
satellite  sheath  in  which  the  magnetic  antenna  is  imbedded.  These  oscillations 
would -occur  at  the  same  frequency  as  those  of  the  naturally  occurring  ECH  waves. 

During  the  entire  mode  3 and  seconds  11  to  16  of  mode  4,  multiple  bands  are 
detected  near  3/2  fe.  Similar  multiple  bands  have  been  reported  by  Koons  and 
Fennell,  (ref.  20).  They  are  usually  associated  with  electrons  at  energies  of  a 
few  keV  whose  distribution  functions  have  relative  minima  at  pitch  angles  of  90°. 

We  have  examined  particle  measurements  and  found  that  at  the  times  of  modes  3 and 
4,  electrons  with  energies  of  ~ 1 keV  had  trapped  pitch  angle  distributions  but 
with  a local  minimum  at  90°.  Electrons  in  all  other  energy  channels  have  normally 
trapped  distributions^. 

Sporadic  emissions  of  signals  in  the  0 to  .5  kHz  range  were  detected  during 
all  four  beam  modes  on  the  electric  field  spectrograms.  Similar  ELF  bursts  have 
been  detected  (ref.  private  communication,  1982)  during  beam-off  periods.  Again  we 
note  that  several  of  these  bursts  (Figures  5 and  7)  coincide  with  periods  in  which 
the  1.2  kHz  signal  is  completely  suppressed. 

Since  the  ECH  and  ELF  emissions  naturally  occur  in  pla-sma  sheet  environments 
this  is  probably  true  in  the  present  case  as  well.  Their  appearances  during  beam 
operations  frequently  coincide  with  low  amplitudes  or  absences  in  the  chorus  bands. 

This  suggests  that  when  the  beam  system  is  not  operating  the  ECH  and  ELF  waves  are 
more  than  20  db  below  background  chorus  intensities.  Unly  when  the  level  of  detected 
chorus  signals  is  diminished  or  supressed  does  the  AGC  react  to  the  presence  of 
these  waves.  The  question  of  beam  related  EMI  thus  becomes,  how  does  the  beam  emission 
process  lead  to  diminished  chorus  measurements  by  the  antenna  systems.  Two  possible 
mechanisms  come  to  mind:  (1)  diminshed  antenna  coupling  between  the  antenna  and  the 

medium,  and  (2)  interactions  between  the  chorus  and  the  plasma  cloud  around  the 
satellite. 

The  first  alternative,  diminished  antenna  coupling  with  the  medium  applies  only 
to  the  electric  antenna  and  does  not  seem  to  be  correct  for  two  reasons.  First, 
during  beam  emission  periods  the  density  of  particles  in  the  sheath  around  the  antenna 
should  be  increased.  This  leads  to  a decreased  sheath  impedance  (ref.  16)  and 
better  coupling  to  the  medium  (ref.  21).  Second,  there  is  no  reason  for  the  antenna 
to  be  coupled  efficiently  to  the  medium  at  0.0  to  0.5  kHz  and  at  3 kHz  and  inefficiently 
coupled  at  1.2  kHz. 

The  vehicle  discharging  process  results  in  the  emission  of  secondary  electrons 
from  dielectric  surfaces.  In  reference  15  it  is  shown  that  these  surfaces  discharge 
at  different  rates  based  on  surface  material  and  location.  Independent  Of  material, 
a surface  which  was  readily  accessible  to  beam  ions  would  discharge  more  rapidly 
than  one  that  was  in  a less  accessible  location  on  the  satellite.  The  discharging 
of  the  satellite  frame  was  almost  instantaneous  whereas  the  rate  for  each  sample 
varied  such  that  discharging  occurred  over  a period  on  the  order  of  minutes.  This 


Indicates  that  secondary  electrons  are  emitted  over  this  entire  period  with  varied 
and  decreasing  energies  depending  on  the  particular  surface  from  which  they  were 
emitted,  its  location  and  rate  of  discharge.  These  electrons  would  produce  a cloud 
of  varied  length  and  diameter  that  decreased  i-n  time-  This  is  indicated  by  comparing 
the  two  samples  of  mode  2.  The  first  sample  shows  considerable  suppression  of  the 
background  signal  on  the  E and  B spectroqraias  even  w-ith  a reduced  noise  level  on  the 
B spectrogram.  The  second  sample  indicates  a greater  variability  in  the  plasma 
cloud  permitting  more  of  the  background  signal  to  penetrate  on  the  E spectrogram  and 
intensification  of  the  1.2  kHz  signal  on  the  B Spectrogram. 

The  direction  of  wave  propagation  for  chorus  and  ECH  waves  combined  with  an 
assymetry  of  the  local  plasma  could  could  lead  to  a selective  diminution  of 
chorus.  Chorus  waves  usually  propagate  in  directions  close  to  that  of  the  magnetic 
field  while  ECH  waves  propagate  mostly  normal  to  the  magnetic  field.  Because 
particles  in  the  plasma  cloud  emitted  during  beam  operations  are  relatively  free  to 
move  along  but  not  across  the  magnetic  field  the  cloud  could  have  a relatively 
large  extent  along  the  magnetic  field.  Waves  propagating  along  the  magnetic  field 
could  see  an  "optically  thick"  medium  while  those  propagating  across  the  magnetic 
field  an  "optically  thin"  medium. 

Chorus  waves  amplify  due  to  the  presence  of  free  energy  contained  in  the 
anisotropic  pitch  angle  distributions  of  resonant,  energetic  electrons.  They  are 
also  subject  to  Landau  damping  processes.  Waves  grow  in  regions  where  the  free 
energy  available  exceeds  the  rate  at  which  Landau  heating  of  the  plasma  occurs. 

The  introduction  of  large  quantities  of  low-energy  electrons  in  the  plasma  cloud 
greatly  increases  the  negative  slope  of  the  total  electron  distribution  function 
and  Consequently  the  rate  of  Landau  damping.  The  length  and  diameter  of  the  plasma 
cloud  along  the  magnetic  field  would  then  modulate  the  admittance  of  chorus  waves 
to  the  Satellite.  The  diameter  of  the  cloud  Should  be  limited  to  a few  electron 
gyroradi-i.  For  emitted  10  eV  electrons  this  is  of  the  order  of  a few  hundred 
meters;  for  2-3  keV  Secondary  electrons  this  is  of  the  order  of  kilometers.  Since 
the  Debye  length  in  the  plasma  sheet  is  several  kilometers  such  a cloud  should  have 
little  effect  on  perpendicularly  propagating  waves. 


CONCLUSIONS 


The  combination  of  plasma  beam  emissions  and  the  discharging  process  has  been 
shown  to  have  three  distinct  affects  on  the  detection  of  VLF  waves.  First,  the 
magnetic  loop  antenna  detects  intense  signals  during  high  current  emissions,  modes  1 
and  2,  that  are  apparently  localized  to  the  near  vicinity  of  the  satellite.  They 
are  assumed  to  be  generated  and/or  amplified  within  the  plasma  that  envelopes  the 
satellite  upon  beam  emission.  These  signals  span  the  0.5  to  5 kHz  band,  may  be 
double-banded,  and  often  saturate  the  magnetic  receiver,  thus  obscuring  the  detection 
of  signals  that  do  not  lie  within  20  dB  of  this  signal  amplitude.  Second,  on  the 
electric  antenna  during  mode  1,  the  highest  current  emitting  mode,  occasionally 
multiple  bands  of  chorus  emissions  are  detected.  These  are  assumed  to  be  generated 
by  the  large  anisotropic  fluxes  of  beam  electrons.  Third,  the  fields  of  the  chorus 
emissions  are  often  suppressed.  This  suppression  permits  observations  of  much  weaker 
wave  fields.  It  is  suggested  that  electrons  emitted  by  the  beam  and  during  the 
discharge  process  create  an  irregular  plasma  cloud  along  the  field  lines  which  becomes 
an  optically  thick  screen  for  parallel  propagating  waves. 
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TABLE  I.  - CONDITIONS  DURING  PLASMA  BEAM  MODES 
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Figure  1.  - Functional  block  diagram  of  ion  source  and  power  processor  for 
SC-4. 
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Figure  2.  - Ion  beam  current  and  vehicle  potential  during  the  four  modes  of 
plasma  beam  operations.  (Note  the  response  of  the  vehicle  potential  to  the 
beam  emission.)  T0  = 07:50:10. 
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(b)  t-lectric  dipole  antenna.  Tn  = (57  : 46:11.75. 


Figure  3.  - Background  wave  fields  detected  by  VLF  broadband  receiver.  (Rela- 
tive intensity  of  wave  fields  is  indicated  by  grey  scale  with  darkest  being 
most  intense  portion.  In  this  case  it  is  chorus  band  just  above  1 kHz.  This 
intensity  is  plotted  above  recorded  field  signals  as  O-curve,  given  in  dBy 
and  my  for  magnetic  field  and  dBV  and  uV/m  for  electric  field.) 
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(a)  Magnetic  loop  antenna,  T0  = 08:00:19.75. 


(b)  Electric  dipole  antenna.  T0 


Figure  4.  - Signals  detected  during  mode  1 plasma  beam  operations  with  ion 
beam  current  of  1.1  to  1.7  mft.  (The  curve  of  maximum  background  field 
intensity  from.  fig.  3 (O-curve)  is  replotted  here  for  comparison  with  signal 
intensity  during  beam  operations  (1-curve).  Note  the  double-banded  structure 
of  the  magnetic  field  signal  band  and  the  complex  multiband  structures  in  the 
electric  field  signal  that  vary  with  maximum  field  intensity.) 
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Figure  5.  - Signals  detected  during  mode  2 plasma  beam  operations  with  ion  cur- 
rent of  0.7  to  0.9  mA.  (Oouble-banded  structure  is  still  apparent  in  mag- 
netic field  data.)  Electric  field  data  are  less  structured  although  maximum 
field  intensity  (2-curve)  is  still  quite  variable.) 
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(b)  Electric  dipole  antenna.  T0  = 07:55:47. 7S. 


Figure  5.  - Concluded.  (Here  change  in  signal  with  duration  of  plasma  beam 
emission  is  apparent.  Both  electric  and  magnetic  field  signals  are  stronger 
and  more  nearly  resemble  background  structure  of  fig.  3,  although  signal 
strengths  (2-curves)  are  quite  different.) 
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Figure  7.  - Signals  detected  during  mode 
current  of  about  10  yA.  (Maximum  signa 
both  fields  as  is  signal  structure.) 
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Figure  6.  - Signals  detected  during  mode  3 plasma  beam  operations  with  ion 
beam  current  of  about  40  pA.  (Both  magnetic  and  electric  field  signals  are 
weak.  Traces  of  signal  bands  are  just  barely  visible  in  magnetic  field  data; 
electric  field  data  are  quite  structured.) 
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Data  from  the  two  electric  field  experiments  and  from  the  plasma  composition 
experiment  on  ISEE-1  show  that  the  spacecraft  charged  to  close  to  -70  V in  sunlight 
at  about  0700  UT  on  March  17,  1978.  Data  from  the  electron  spectrometer  experiment 
show  that  there  was  a potential  barrier  of  some  -10  to  -20  V about  the  spacecraft 
during  this  event.  The  potential  barrier  was  effective  in  turning  back  emitted 
photoelectrons  to  the  spacecraft.  Potential  barriers  can  be  formed  because  of 
differential  charging  on  the  spacecraft  or  because  of  the  presence  of  space  charge. 
The  stringent  electrostatic  cleanliness  specifications  imposed  on  ISEE  make  the 
presence  of  differential  charging  unlikely,  if  these  precautions  were  effective. 
Modeling  of  this  event  is  required  to  determine  if  the  barrier  was  produced  by  the 
presence  of  space  charge. 


INTRODUCTION 


The  International  Sun  Earth  Explorer  (ISEE)  project  involves  three  spacecraft 
which  were  designed  to  study  the  magnetospheric  plasma  under  the  auspices  of  the 
International  Magnetospheric  Study  program.  ISEE-1  and  ISEE-2  Were  launched  on 
October  22,  1977,  into  almost  identical  orbits  but  with  a variable  separation 

distance  in  order  to  be  able  to  separate  temporal  and  spatial  variations  of  the 
environment.  Their  apogee  was  at  23  earth  radii,  and  their  period  was  approximately 
57  h.  ISEE-3  was  launched  into  a "halo  orbit"  about  the  libration  point  at  about 
240  earth  radii  towards  the  sun  from  the  earth.  Further  information  on  the  ISEE 
mission  can  be  found  in  References  1 through  3. 

The  ISEE  spacecraft  were  built  according  to  a set  of  electrostatic  cleanliness 
specifications  which  were  intended  to  make  the  exteriors  of  the  spacecraft  be 
equipotential  surfaces  and  to  prevent  the  buildup  of  asymmetric  potentials  which 
could  interfere  with  low  energy  particle  and  electric  field  measurements.  The 
specifications  required  that  no  exposed  spacecraft  component  (with  some  exceptions) 
charge  to  potentials  in  excess  of  1 volt  with  respect  to  the  spacecraft  potential. 
This  requirement  demanded  that  all  spacecraft  components  that  were  exposed  to  the 
plasma  environment  be  "sufficiently  conducting,"  and  be  connected  to  the  spacecraft 
ground  through  low  impedance  paths.  These  specifications  which  were  also  used  in 
the  construction  of  the  GEOS  spacecraft,  appear  to  have  been  relatively  effective; 
the  most  negative  potential  reached  by  GEOS  2 was  -1500  volts  in  eclipse  which  is 
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much  less  chan  potentials  reached  by  other- magnetospheric  spacecraft  such  as  ATS-5, 
ATS "6  and  SCATHA-(References  4 through  6). 

In  spite  of  these  electrostatic  cleanliness  requirements,  there  have  been 
indications  of  significant  charging  events  on  ISEE-1,  with  the  spacecraft  going  at 
times  to  a negative  potential- -on  the  order  of  -LOO  volts  in  sunlight.-  These 
indications  came  from  ion  data  obtained  by  the  plasma -composition  experiment  (Ref. 
7)  which  showed  that  low  energy  (thermal)  ions  had  been  accelerated  to  kinetic 
energies  on  the  order  Of  100  eV  before  they  were  detected  by  the  instrument.  It  is 
important  to  understand  such  charging  events,  if  they  are  indeed  real,  in  order  to 
be  able  to  evaluate  the  effectiveness-  of  the  electrostatic  cleanliness 
specifications.  For  example,  the  charging  of  electrostatically  "dirty"  spacecraft 
such  as  ATS-5,  ATS-6  and  SCATHA  has  been  shown  to  be  very  dependent  on  differential 
charging  effects  (Ref.  8 and  9).  Differential  charging  on  a spacecraft  can  produce 
a potential  barrier  which  prevents  low  energy  photoelectrons  from  escaping,  and  can 
thus  lead  to  much  larger  negative  potentials  in  sunlight  than  would  otherwise  be 
expected.  The  purpose  of  this  paper  is  to  examine  in  detail  such  a sunlight  charging 
event  on  ISEE-1. 


DATA  THAT  INDICATE  CHARGING 


Several  experiments  On  ISEE-1  are  capable  of  giving  information  on  the  potential 
of  the  spacecraft.  In  this  section  we  present  evidence  from  the  two  electric  field 
experiments  .and  from  the  plasma  composition  experiment  which  indicate  that  between 
0600  and  0800  UT  on  March  17,  1978  (Day  76),  the  ISEE-1  spacecraft  charged  to  about 
-70  volts  in  sunlight.  At  that  time  the  vehicle  was  near  synchronous  orbit,  at  7.7 
earth  radii,  and  at  0300  local  time.  In  addition,  we  present  data  from  a 
synchronous  altitude  spacecraft,  ATS-5,  on  the  same  date  but  at  about  0400  UT  and  at 
midnight  local  time,  which  show  that- ATS-5  charged  to  about  -6  kV  in  eclipse.  Thus 
the  plasma  environment  during  this  period  of  time  was  sufficiently  hot  to  provide 
significant  charging. 

The  spherical  double  probe  electric  field  experiment  on  ISEE-i  (Ref.  10) 
measures  the  potential  difference  between  the  probes,  which  are  two  4 cm  radius 
spheres  at  the  ends  of  wire  booms  separated  by  73.5  m in  the  spin  plane  of  the 
spacecraft.  In  addition,  the  experiment  monitors  the  potential  difference  between 
each  of  the  probes  and  the  spacecraft.  The  potential  of  the  spheres  with  respect  to 
the  plasma  is  adjusted  to  be  near  zero  by  Introducing  bias  currents  to  the  spheres 
based  on  current /voltage  sweeps  which  are  made  during  a quarter-second  interval 
every  128  sec. 

Figure  1 shows  the  quantity  V2S  which  is  the  potential  difference  between  sphere 
#2  and  the  spacecraft  during  the  interval  from  0500  to  0800  UT  on  March  17,  1978. 
The  spacecraft  potential  with  respect  to  the  sphere  (which  was  near  ambient  plasma 
potential)  is  the  negative  of  V2S.  The  figure  shows  that  the  spacecraft  was  near 
zero  Volts  at  0600  and  that  it  gradually  charged  to  a more  negative  potential,  going 
off-scale  at  -50  volts  at  about  0715  UT.  The  potential  came  back  on  scale  briefly 
at  0745.  During  the  period  from  0700  to  0800  the  vehicle  potential  was  cl^se  to  or 
more  negative  than  -50  volts.  Since  the  sphere  bias  current  is  negative  at  this 
time  (l.e.,  electrons  are  being  pushed  onto  the  sphere),  the  fact  that  the 
spacecraft  is  more  negative  than  the  sphere  implies  that  the  sphere  and  the 
spacecraft  are  responding  differently  to  the  environment.  For  example,  there  may  be 
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more  secondary  electrons  emitted  from  the  sphere,  or  there  may  be  potential  barrier 
effects  around  the  spacecraft  that  are  not  around- the  sphere. 
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Figure  1.  Probe  data  from  Mozer's  electric  field 
experiment  showing  the  probe-to-spacecraf  t 
potential  (V2S)  from  0500  to  0800  UT  on 
March  17,  1978. 


Figure  2 shows  similar  data  from  the  Goddard  electric  field  experiment  on  ISEE-1 
(Ref.  11).  The  active  probes  in  this  experiment  are  36  m uninsulated  tip  sections 
of  two  wires  Independently  deployed  to  lengths  of  106.7  m.  This  gives  an  effective 
baseline  between  the  two  active  elements  of  179  m.  The  figure  shows  the  potential 
difference  between  one  of  these 
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elements  and  the  spacecraft 
during  two  periods  cf  time:  at 
0600  and  at  0645  UT.  The 
potentials  of  the  active  elements 
in  this  experiment  are  floating 
with  respect  to  the  ambient  Jf? 
plasma.  That  is,  the  potential 
of  the  elements  is  determined  by 
a current  balance  between 
collected  plasma  ions  and 
electrons  and  emitted  secondary 
electrons  and  photoelectrons . 

The  floating  potential  is 
modulated  by  the  spin  of  the 
spacecraft.  The  potential  is 
most  positive  when  the  wire 
elements  are  perpendicular  to  the 
direction  of  the  sun  since  this 
is  the  orientation  where  the 
photoemission  current  is  a 
maximum. 

The  floating  potential  of  the 
active  wire  elements  with  respect 
to  the  local  plasma  is  not 
directly  measured  in  this 
experiment,  but  it  is  expected  to 
be  on  the  order  of  a few  volts 
positive  when  the  wires  are 
perpendicular  to  the  sun 
direction.  The  two  spherical 
probes  in  the  other  electric 
field  experiment  floated  at 
approximately  +5  V during  this 

period  of  time,  as  determined  from  current/voltage  sweeps  when  the  bias  current  was 
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Figure  2.  Probe  data  from  Heppner's  electric 
field  experiment  showing  the  probe-to-spacecraf t 
potential  at  0600  and  0645  UT  on  March  17,  1978. 


zero*  If  the  wire  element  is  also  floating  at  about  +5  volts  during  this  time,  then 
the  spacecraft  potential  has  changed  from  near  zero  to  about  -25  V between  0600  and 
0645*  These  values  are  in  reasonable  agreement  with  the  data  shown  in  Figure  1. 


The  plasma  composition  experiment  is  described  in  Ref.  7.  It  consists  of  two 
identical  mass  spectrometers  which  can  be  operated  independently.  The  ions  enter  a 
collimator  and  then  go  through  a three-grid  retarding  potential  analyzer  (RPA).  The 
retarding  grid  is  programmable  between  60  mV  and  100  V in  32  steps  with  approxi- 
mately equal  logarithmic  intervals.  After  passing  through  the  third  grid,  the  ions 
are  accelerated  through  a potential  difference  of  approximately  -2950  V before  they 
pass  through  a cylindrical  electrostatic  analyzer.  Due  to  the  pre-acceleration,  the 
lowest  energy  step  of  the  electrostatic  analyzer  passes  all  ions  with  external 
energies  between  zero  (i.^e.,  those  cold  ions  which  can  reach  the  spacecraft)  and 
approximately  100  eV. 


Figure  3 shows  results  from  the  plasma  composition  experiment  between  0600  and 
0800  UT  on  March  17,  1978.  The  four  panels  show  ion  counts  during  the  four 


half-hour  intervals,  where  the 
data  has  been  accumulated  as  a 
function  of  spacecraft  spin 
angle  and  RPA  retarding 
potential.  The  count  rate  is 
indicated  by  the  gray  scale, 
with  dark  signifying  high  count 
rates,  and  light  signifying  low 
count  rates.  The  retarding 
potential  at  which  the  count 
rates  are  sharply  reduced  is  a 
measure  of  the  (negative) 
spacecraft  potential.  In  this 
mode  of  operation,  the 
instrument  is  passing  all 
species  of  ions,  but  it  is 
known  from  the  other  modes  of 
operation  that  the  ions  are 
predominantly  hydrogen  but  with 
a significant  oxygen  component. 
It  can  be  seen  that  this 
cut-off  potential  increases 
during  this  period  of  time  from 
about  10  V at  the  beginning  to 
somewhat  under  100  V at  the 
end. 

Individual  RPA  scans  were 
examined  during  part  of  this 
period  of  time,  and  the 
spacecraft  potential  was 
estimated  for  scans  when  the 
experiment  was  most  nearly 
looking  at  ions  coming  in  the 
ram  direction.  Individual 
scans  were  obtained  approximate! 
in  the  data.  The  results  are 
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Figure  3.  Ion  data  from  the  plasma  composition 
experiment  from  0600  to  0800  UT  on  March  17, 
1978.  Dark  indicates  high  ion  counting  rates  and 
light  indicates  low  rates.  The  energy  at  which 
the  counting  rate  decreases  abruptly  is  an 
indication  of  the  spacecraft  potential. 


y every  three  minutes,  although  there  were  some  gaps 
shown  in  Figure  4.  Again,  the  data  show  that  the 
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potential  of  the  spacecraft  increased  in  the  negative  direction  from  near  -5  V at 
about  0630  liT  to  a Value  more  negative  than  -60  V after  0?10  UT. 
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Figure  4.  ISEE  spacecraft  potentials  on  March 
17t  1978,  inferred  from  the  plasma  composition 
experiment . 


Figure  5 shows  a spectrogram  from  the  bCSD  particle  detector  on  the  ATS-5 
Satellite  between  0410  and  0510  bT  on  the  same  day.  Data  is  only  available  during 


the  time  when  the  spacecraft  was 
entering  and  within  the  earth's 
shadow.  This  was  a period  when 
special  operations  of  the  ATS-5 
ion  engine  and  neutralizer  were 
being  carried  out  to  test  the 
capability  of  these  devices  to 
discharge  the  spacecraft  (Ref. 
12).  The  spacecraft  entered 
eclipse  at  0411;  the  neutralizer 
was  turned  on  at  0418  and  off  at 
0433.  The  neutralizer  consisted 
merely  of  a heated  filament 
which  could  emit  electrons 
independently  of  operation  of 
the  ion  engine.  During  the 
neutralizer  operation,  the 
spacecraft  potential  was  held  to 
about  -2  kV  but  when  it  was 
turned  off  the  potential  went  to 
about  -6  kV.  The  ion  spectrum 
during  this  period  of  time  as 
measured  by  the  bCSD  detector  is 
in  good  agreement  with  the  ion 
spectrum  obtained  by  the  LEPEDEA 
experiment  (Ref. 1 3)  on  1SEE-1  at 
0700  bT.  Thus  it  appears  that 
the  plasma  near  geosynchronous 
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Figure  5.  A spectrogram  from  the  bCSD  particle 
detector  on  the  ATS-5  spacecraft  showing  charging 
to  about  -6  kV  in  eel  Ipse  on  March  17,  1978.  The 
dark  regions  indicate  low  count  rates. 
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orbit-  during  the  morning  of  March  17,  1678,  was  sufficiently  hot  to  charge  "dirty" 
spacecraft  such  as  ATS-5  to  several  kilovolts  negative  in  shadow,  an t ‘ "clean" 
spacecraft  such  as  ISEE-1  to  approximately  -1 0()  v in  sunlight. 

EVt HENCE  FOR  A POTENT JAI.  BARRIER 


Figures  6 and  7 show  electron  data  from  the  Electron  Spectrometer  experiment  on 
1SEE-1  (Ret.  14).  The  electron  distribution  function  on  a logarithmic  scale  is 
shown  against  electron  energy  at  0600  UT  (Fig.  6)  and  at  0700  UT  (Eig.  ?).  At  0600 
the  spacecraft  potential  was  near  zero  whereas  at  0/00  the  potential  was  on  the 
order  of  -40  V,  as  we  showed  in  Section  2 (See  Figure  4).  At  low  energies,  both 
Figures  6 and  7 show  a steepening  of  the  electron  spectrum  characteristic  of 

photoelectrons  and/or  secondary  electrons. 

The  straight  line  in  Figure  6 which  goes  through  the  lower  energy  electrons 
indicates  that  these  electrons  are  characterized  by  a density  of  about  20  enrJ  and  a 
temperature  near  2 eV.  These  values  are  very  reasonable  for  photoelectrons  emitted 
from  typical  spacecraft  surfaces  at  the  earth's  distance  from  the  sun.  The  actual 
value  of  the  photoelectron  density  would  of  course  depend  on  the  material  and  on  the 
orientation  of  the  emitting  surface  with  respect  to  the  solar  direction.  The  fact 
that  photoelectrons  with  energies  as  high  as  20  eV  are  seen  returning  to  the 

spacecraft  indicates  that  there  must  be  a significant  electric  field  which  turns 

back  the  emitted  photoelectrons.  In  other  words,  there  must  be  a potential  barrier 
around  the  spacecraft.  This  behavior  of  the  electron  spectrum  was  seen  at  all 
orientations  of  the  spacecraft  during  its  spin,  although  the  magnitude  of  the 

inferred  photoelectron  density  was  somewhat  modulated  by  the  spin. 


the  ISEE  electron  spectrometer  at  0600  UT  on 
March  17,  1978. 
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The  behavior  of  the  electron  spectrum  in  Figure  7 is  similar  to  that  in  Figure 
6.  The  low  energy  part  of  the  spectrum  is  fitted  well  by  a Itoxwellian  distribution 
with  a temperature  of  3.4  eV  and  a density  of  about  9 cm  if  these  low  energy 
electrons  are  photoelectrons  coming  from  the  spacecraft.  If  these  low  energy 
electrons  were  ambient  plasma  electrons  reaching  a negatively  charged  spacecraft  at 
”40  V,  they  would  have  to  have  a density  of  almost  10b  cm"3  in  the  undisturbed 
plasma.  Thin  is  completely  unreasonable  for  the  plasma  at  this  location  near 
geosynchronous  orbit  in  the  earth's  magnetosphere.  We  conclude,  therefore,  that 
there  must  still  be  a potential  barrier  around  the  spacecraft  at  0700  UT  in  spite  of 
the  negative  spacecraft  potential. 

The  higher  energy  parts  o£  the  distributions  in  both  Figures  6 and  7 give 
reasonable  values  for  the  plasma  electron  temperatures  and  densities  for  this 
location  in  the  magnetosphere.  Measurements  of  the  electron  spectrum  at  higher 
energies  by  this  instrument  and  also  by  the  quadrispherical  LEPEDEA  instrument  (Ref. 
13)  show  a significant  increase  of  energetic  (keV)  electrons  over  this  time  period 
(not  shown).  Hie  ISEE-1  plasma  wave  experiment  and  radio  propagation  experiment 
(Ref.  15  and  16)  both  Jxidicate  that  the  plasma  electron  density  during  this  period 
of  time  was  about  1 cm”  . 

The  existence  of  a negative  potential  barrier  when  the  spacecraft  is  either 
uncharged  or  at  a negative  potential  requires  a mechanism  for  its  formation.  There 
are  two  possibilities  for  a mechanism:  one  is  that  there  is  differential  charging 

of  the  spacecraft  surfaces.  This  can  lead  to  a potential  distribution  which  has  a 
potential  barrier  more  negative  than  the  spacecraft  body  if  there  were  some  isolated 


Figure  7.  Electron  distribution  function  from 
the  ISEE  electron  spectrometer  at  0700  UT  on 
March  17,  1978. 


surface  such  as  a dielectric  also  at  a more  negative  potential  than  the  main  body. 
The  second  possibility  is  that  there  is  sufficient  negative  space  charge  in  the 
vicinity  of  the  spacecraft,  produced  by  the  emitted  photoelectrons  and  by  the 
ambient  plasma,  that  a negative  potential  barrier  is  formed  (Ref.  17  and  18). 
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The  situation  here  on  ISEE  is  somewhat  similar  to  that  on  ATS-6  where 
photoelectfons  and  secondary  electrons  were  obserV-ed  to  be  reflected  from  a- 
potential  barrier  about  the  spacecraft  When,  the  spacecraft  was  charged  to  a negative 
potential  (Ref*  !9).  In  the  case  of  ATS-6,  it  was  shown  that  the  observed  potentiaL 
barriers  Were  too  large  to  be  attributed  to  the  effects  of  space  charge  (Ref.  20). 
It  was  inferred  Chat  the  barriers  must  be  caused  by  differential  charging  This  was 
later  confirmed  by  detailed  calculations  (Ref.  8). 

It  appears  unlikely  that  differential  charging  can  be  the  mechanism  responsible 
for  the  creation  Of  the  potential  barrier  around  the  ISEE  spacecraft.  The  stringent 
cleanliness  specifications  that  were  imposed  should  have  prevented  potential 
differences  of  more  than  1 V between  portions  of  the  spacecraft  surfaces.  The 
precise  magnitude  of  the  potential  barrier  about  ISEE  during  this  event  is  not 
known,  since,  the  returning  photoelectrons  were  observed  at  oblique  rather  than 
normal  angles  to  the  spacecraft  surface.  However,  since  photoelectrons  were 
observed  to  return  at  energies  up  to  abut  20  eV,  it  is  likely  that  the  magnitude  of 
the  potential  barrier  was  at  least  10  V.  This  is  too  large  to  be  attributed  to 
differential  charging  if  the  cleanliness  specifications  were  effective  in  keeping 
differential  potentials  to  less  than  1 V.  Hence  We  conclude  that  the  most  likely 
mechanism  causing  the  formation  of  the  potential  barrier  is  the  presence  of  space 
charge . 

In  the  solar  wind  and  in  the  quiet  magnetosphere,  the  spacecraft  potential  is 
usually  positive  so  that  low  energy  photoelectrons  would  return  to  the  spacecraft 
anyway,  without  the  necessity  for  the  creation  of  a potential  barrier*  The  fact 
that  the  electric  field  probes  are  floating  at  about  +5  V while  the  spacecraft  is  at 
about  -70  V during  this  period  does  not  necessarily  imply  an  inconsistency.  If  the 
Current  balance  is  between  collected  plasma  electrons  and  escaping  photoelectrons 
and  secondary  electrons,  then  it  is  possible  to  have  more  than  one  potential  at 
which  the  net  current  vanishes  (Ref.  21).  If  the  potential  barrier  has  been  formed 
because  of  the  presence  of  space  charge,  it  is  not  surprising  that  barriers  have  not 
been  formed  around  the  electric  field  probes  Which  are  quite  small  compared  to 
either  the  photoelectron  or  ambient  plasma  Debye  lengths  (a  few  meters  and  a few 
tens  of  meters  respectively). 


CONCLUSIONS 


(1)  We  have  shown  that  On  March  17,  1978,  the  1SEE-1  spacecraft  charged  to  a 

negative  potential  on  the  order  of  -70  V in  sunlight.  Evidence  for  the  charging  were 
presented  from  the  two  electric  field  experiments  on  the  spacecraft  and  from  the 
plasma  composition  experiment.  In  addition,  we  showed  that  the  ATS-5  spacecraft 
charged  to  a potential  of  about  -6  kV  in  eclipse  about  three  hours  earlier  on  the 

same  day  but  in  what  appeared  to  be  the  same  plasma  environment. 

(2)  We  have  shown  from  the  electron  spectrometer  experiment  on  ISEE-1  that 
there  appeared  to  be  a potential  barrier  about  the  spacecraft  during  this  event. 
The  potential  barrier  was  on  the  order  of  10  to  20  V negative  with  respect  to  the 
spacecraft  body,  and  was  effective  in  returning  emitted  photoelectrons  to  the 
spacecraft . 

(3)  It  is  likely  that  the  potential  barrier  Was  produced  by  the  effects  of 

space  charge  rather  than  by  differential  charging  of  the  spacecraft  surfaces  if  the 


420 


electrostatic  cleanliness  precautions  were  indeed  effective.  Verification  of  the 
mechanism  responsible  for  the  creation  of  the  potential  barrier  requires  detailed 
modeling  of  this  event.  The  modeling  should  use  photoemission  and. . secondary 
electron  yields  appropriate  for  the  ISEE-L  surface  materials. 

We  thank  a number  of  ISEE  experimenters  who  have  helped  us  by  making  their 
data  available  and  assisting  with  its  interpretation:  F.  S.  Mozer  and  A.  Pedersen 

with  the  spherical  double  probe  electric  field  experiment,  J.  P.  Heppner  and  N-  C. 
Maynard  with  the  long-wire  electric  field  experiment,  L^  A.  Frank  and  T.  E.  Eastman 
with  the  LEPEDEA,  E.  G.  Shelley  and  R.  D.  Sharp  with  the  plasma  composition 
experiment,  K.  W.  Ogilvie  and  J.  D.  Scudder  with  the  electron  spectrometer 
experiment  C.-  C.  Harvey  with  the  wave  propagation  experiment,  and  D.  A.  Gurnett 
and  R.  R.  Anderson  with  the  plasma  wave  experiment. 
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The  Galileo  spacecraft  which  will  orbit  Jupiter  in  1988  will  encounter  a very 
harsh  environment  of  energetic  electrons.  These  electrons  will  have  sufficient 
energy  to  penetrate  the  spacecraft  shielding,  consequently  depositing  charges  in  the 
dielectric  insulating  materials  or  ungrounded  conductors.  The  resulting  electric 
field  could  exceed  the  breakdown  strength  of  the  Insulating  materials,  producing 
discharges.  The  transients  produced  from  these  Internal  Electrostatic  Discharges 
(IESD)  could,  depending  on  their  relative  location,  be  coupled  to  nearby  cables  and 
circuits.  These  transients  could  change  the  state  of  logic  circuits  or  degrade  or 
even  damage  spacecraft  components,  consequently  disrupting  the  operation  of  sub- 
systems and  systems  of  the  Galileo  spacecraft  during  its  expected  mission  life.  An 
extensive  testing  program  was  initiated  for  the  purpose  of  understanding  the  poten- 
tial threats  associated  with  these  IESD  events.  Data  obtained  from  these  tests  were 
used  to  define  design  guidelines. 


INTRODUCTION 


The  Galileo  spacecraft  will  be  launched  in  late  1986.  Galileo  is  to  perform  a 
far  more  intensive  and  comprehensive  investigation  of  the  Jupiter  system  than  was 
possible  with  Voyager.  Its  design  has  benefited  from  the  experience  of  the  Voyager 
spacecrafts.  The  Voyager  1 spacecraft,  as  it  entered  Jupiter's  magnetosphere, 
experienced  a number  of  Power  on  Resets  (POR).  An  extensive  study  was  carried  out 
to  determine  the  cause  of  PORs.  A study  of  the  environment  was  performed.  The 
environment  consists  of  low  energy  (<100  keV)  plasma  and  intense  high  energy  (>100 
keV)  electrons.  Our  investigation  showed  that  the  time  for  the  occurrence  of  PORs 
did  not  correlate  with  the  severity  of  the  plasma  environment.  The  plasma 
instrument  onboard  the  spacecraft  also  confirmed  that  significant  surface  charging 
did  not  occurs  An  investigation  of  the  radiation  electron  environment  indicated 
that  the  PORs  occurred  during  the  time  that  the  flux  of  radiation  electrons  was  at 
its  peak.  Consequently,  internal  discharges  induced  by  the  penetrating  electrons 
were  proposed  as  a possible  cause  of  PORs  (Ref.l). 

In  order  to  prevent  the  occurrence  of  PORs  during  the  Galileo  mission,  a test 
program  was  initiated  to  investigate  the  effect  of  penetrating  electrons  on 


*The  work  described  in  this  paper  was  performed  for  the  Jet  Propulsion  Laboratory, 
California  Institute  of  Technology,  sponsored  by  the  National  Aeronautics  and  Space 
Administration. 


electronic  circuits*  The  program  consists  of  two  phases.  In  the  initial  phase,  the 
phenomena  of  IESD  were  investigated  through  analysis  and  testing.  This  was  done 
with  contractor  support  from  General  Electric- and  JAYCOR.  Analysis  and  tests  during 
this  phase  demonstrated,  that  some  of  the  dielectric  insulation  of  spacecraft  com- 
ponents did  discharge  when  they  were  irradiated  by  an  electron  beam  with  a-flux  level 
corresponding  to  the  levels  they  would  experience  in  the  Jovian  environments  To 
ensure  that  IESD  related  anomalies  will  not  occur  during  Galileo's  encounter  with 
Jupiter,  the  second  phase  of  this  program- was  to  acquire  the  necessary  data  to  gene- 
rate the  required  design  guidelines  for  the  Galileo  spacecraft.  The  design  guide- 
lines are  on  the  material  selection,  grounding  criterion,  transient  characteristics 
and  coupling  of  discharge  energy  into  circuits. — 

This  paper  discusses  the  test  configuration,  the  test  results,  and  the  applica- 
tion of  test  results  for  design-  guideline  generation. 


GENERAL  TEST  PROGRAM 


The  tests  were  performed  in  the  dynamitron  facility  of  the  Jet  Propulsion 
Laboratory.  The  dynamitron  is  capable  of  delivering  an  electron  beam  in  the  energy 
range  of  0.8-2. 5 Mev.  To  simulate  the  environment  that  the  dielectrics  Would 
experience  in  space,  it  was  decided  that  a high  vacuum  system  would  be  required. 
This  system  uses  a standard  diffusion  pump  with  a cold  trap  provided  t&  control  oil 
contamination  (Figure  1).  The  dynamitron  electron  beam  enters  the  test  chamber 
through  a 75  poi  stainless  steel  diaphragm.  The  sample  holder  is  located  inside 
the  vacuum  chamber  and  is  situated  perpendicular  to  the  electron  beam.  A Faraday 
cup  is  mounted  in  the  plane  of  the  sample  specimen  so  that  the  flux  levels  at  the 


test  sample  could  be  accurately  monitored.—  Pressures  of  2x10 
required  before  initiating  the  test. 
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torr  or  less  are 


The  occurrence  of  discharges  are  monitored  by  current  transformers  placed  along 
the  possible  paths  of  discharge  currents.  Another  diagnostic  for  the  discharge  is  a 
plasma  current  detector,  which  is  a thin  sheet  (50  gm  thick)  of  aluminium  with  a 
diameter  slightly  smaller  that  of  the  chamber.  This  plasma  current  detector  is 
placed  right  in  front  of  the  test  sample  and  hence  it  detects  the  presence  of 
charged  particles  generated  during  discharges.  In  some  of  the  tests,  the  test  items 
(such  as  cables  and  circuit  traces)  were  used  as  detectors  for  the  occurrence  of 
discharges.  The  transient  signals  induced  on  these  detectors  are  transmitted 
outside  the  vacuum  chamber  through  coaxial  cables.  These  signals  are  displayed  on 
storage  scopes  or  transient  digitizers.  The  length  of  coaxial  cable  used  in  our 
experiments  are  about  10  m.  The  effect  of  long  cables  on  the  transient  signals  was 
Investigated  by  applying  a pulse  on  one  end  of  the  cable  and  receiving  the  pulse  at 
the  other  end.  No  significant  amplitude  loss  or  waveform  distortion  was  observed. 

The  flux  level  used  in  our  experiment  was  determined  by  the  expected  inflight 
deposited  flux  levels  at  the  samples.  The  expected  inflight  deposited  flux  level  as 
well  as  the  dynamitron  deposited  flux  levels  were  both  determined  by  Monte  Carlo 
computer  calculations.  The  test  fluance  for  our  test  is  usually  chosen  as  Jupiter 
Orbit  Insertion  (JOI)  plus  5 orbit  fluence.  This  selection  is  based  on  the  fact 
that  J0I+5  orbits  are  the  minimum  required  for  a successful  mission.  Due  to  the 
constraint  of  time  and  cost,  the  flux  level  used  to  achieve  this  fluence  was  usually 
at  least  a factor  of  three  higher  than  the  anticipated  worst-case  level. 
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The  test  items,  chosen  for  this  test  program  were  parts  of  the  Galileo  spacecraft. 
They  were  either  components  with  dielectric  insulation  or  components  with-  floating 
conductors  * The.  criteria  for-  test  sample  selection  are  based  on:  (1)  the  intensity 
of  the  expected  deposited  flu*  level,  and  (2)  the  proximity  of  the  components  to 
sensitive  circuits*  Initial.. tests  were  performed  to  determine  if  breakdown  was 
possible*  If  breakdown  did  occur,  then  tests  were  performed  to  determine  the 
transient  parameters*  The  transient  parameters  of-  importance  are  rise  time,  pulse 
width,  and  peak  voltage.  The  electron  beam  had  previously  been  charted  inside  the 
chamber  to  determine  its  uniformity.  The  results  indicated  that  the  beam  was  uni** 
form  over  the  surface  of  the  sample  holder  (36-cm  diameter).  Before  any  radiation 
tests  were  initiated  in  the  chamber,  a dry  run.  was  performed  at  a very  high  flux 
level.  This  was  done  in  order  to  determine  if  there  existed  any  dielectric  in  the 
chamber  that  might  break  down  producing  unwanted  data.  The  results  of  the  tests 
werenegative. 

Table  1 presents  the  test  samples  and  the  results  of  radiation  tests  performed  on 
these  items.  This  table  does  not  include  the  results  on  circuit  boards  and  cables; 
the  results  on  these  two  items  are  presented  in  more  detail  in  the  next  section. 

This  table  provides  information  on  the  electron  beam  energy  and  the  flux  level.  I£- 
discharges  occurred,  the  associated  worst-case  IESD  parameters  are  also  presented. 
Note  that  the  flux  levels  used  in  testing  the  connectors  were  far  greater  than  the 
anticipated  environment.  We  were  interested  in  acquiring  as  much  information  on  the 
transient  parameters  and,  therefore,  it  was  decided  to  greatly  increase  the  flux 
level. 


DESIGN  GUIDELINE-TEST 


It  was  determined  that  the  greatest  hazard  existing  to  the  subsystems  and 
systems  of  Galileo  originated  from  the  circuit  boards  (Ref.  2)  and  flight  cabling. 
Extensive  testing  was  performed  on  these  items  to  determine  the  effects  of  discharge 
on  nearby  circuitry. 

Different  circuit  board  designs  were  fabricated  to  determine  the  effects  of 
electron  radiation  on  floating  circuit  traces  of  various  area,  spacing,  and  length. 
The  boards  were  fabricated  out  of  FR4  material.  Circuit  board  A (Fig.  2a)  was  de- 
signed to  determine  the  effects  of  the  floating  trace  area  on  the  characteristics  of 
discharges.  The  areas  varied  from  5 x 5 cm  (25  cm^>  to  a plated-through  hole 
(elements  1 to  5).  In  addition,  the  effects  of  spacing  between  the  nearest  grounded 
conductor  was  investigated  using  elements  6,  7,  and  8 on  board  A.  Board  B (Fig.  2b) 
was  designed  to  determine  the  effects  of  spacing  and  length  variation  on  IESD  events^ 

During  each  test,  only  one  element  of  a circuit  was  left  floating  while  the 
other  elements  were  connected  to  strips  which  were  grounded  through  50-ohm  resistors. 
Two  grounded  strips  on  each  board  were  monitored  for  signs  of  an  IESD  event.  The 
discharge  current  collector  was  used  to  monitor  the  blowoff  electrons  resulting  from 
discharges.  The  boards  above  were  tested  under  two  different  configurations.  In 
the  first  configuration  the  board  was  bare,  and  in  the  second  configuration  it  was 
coated  with  Solithane  (a  conformal  coating). 
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Tests  were  also  designed  to  Characterize  the  transient  signals  generated  by 
discharge  of  the  cables.  The  cabling  employed  On  Gaiileo  uses  two  different  types 
of.  insulation,  Kapton  and-Teflon.  Previous  results  obtained  from  the  irradiation  of 
Kapton  (Refs..  3,  4,  and  6)  and  Teflon  (Refs.  4 and  5)  materials  indicate  that  they 
will-  break  down  under  Jupiter's-  anticipated  flux  level.  The  concern  raised  was- the 
voltage  and  energy  levels  associated  with,  the  transient  induced  on  the  center 
conductors.  Typical.  f!ight--like  cabling  of  both.  Kapton  and  Teflon  material  were 
obtained  for  testing.  The  length  of  the  Kapton  and  Teflon  cables  varied  from  15  to 
300  cm.  The  center  conductors  were  terminated  with-an  impedance  of  50  ohms,  and 
they  were  also  used  as  discharge  detectors. 

In  some  of  the  cables  that  we  have  tested,  some  conductors  were  accidentally 
left  floating.  The  transient  characteristics  generated  by  cables  with  floating 
conductors  were  found  to  be  vastly  different  from  cables  with  all  conductors 
grounded.  The  cables  with  floating  conductors  included  cables  inside  a Teflon 
bundle  cable  and  cables  from  the  Data  Management  Subsystem  (DMS)  of  the  Galileo 
spacecraft.  The  wires  associated  with  the  DMS  cable  were  nonshielded  single 
conductors.  The  length  of  the  wires  tested  were  approximately  30  cm. 

The  electron  beam  employed  in  testing  the  circuit  boards  ranged  from  0.85  to 
1.75  MeV.  The  current  density  of  the  beam  varied  from  4 to  26  pA/cm^.  The 
position  of  the  circuit  traces  was  perpendicular  to  the  incoming  beam.  The  Faraday 
cup  was  positioned  at  the  sample  level  of  the  circuit  board  such  that  the 
appropriate  current  density  could  be  maintained. 

The  Kapton  and  Teflon  cables  were  coiled  on  the  surface  of  the  sample  holder 
around  the  Faraday  cup.  In  this  way  the  cable  surface  was  perpendicular  to  the 
incoming  electrons.  The  DMS  cable,  due  to  its  limited  length,  was  positioned  along 
the  length  of  the  sample  holder.  The  beam  energy  used  in  testing  the  cables  ranged 
from  1.45  to  1.65  MeV.  The  current  density  Of  the  electron  beam  varied  from  160  to 
320  pA/cnr  for  the  Kapton  and  Teflon  cable  bundles.  The  current  density  used  in 
the  case  of  the  DMS  cable  was  16  pA/cm^. 


DESIGN  GUIDELINE  TEST  RESULTS 

Several  types  of  discharges  were  observed  in  the  circuit  board  tests.  Small  dis- 
charges were  usually  observed  at  the  beginning  of  irradiation  of  a "fresh"  circuit 
board.  This  could  have  been  due  to  the  occurrence  of  discharges  within  the 
imperfections  of  the  circuit  board.  The  transient  voltage  coupled  to  the  nearby 
grounded  conductor  was  usually  very  small  (<1  V-)  and  was  of  narrow  pulse  width 
(<20  ns).  Large  amplitude  (>5  V)  signals  were  usually  not  observed  until  the 
circuit  board  had  been  irradiated  for  a period  of  2-4  hours.  Therefore,  the 
magnitude  of  transients  depends  on  the  time  history  of  the  irradiation. 

Consequently,  there  was  a great  deal  of  variation  in  the  transient  characteristics 
associated  with  the  discharges  of  each  circuit  trace.  Table  2 displays  the 
worst-case  transient  parameters  observed  during  the  irradiation  of  the  A board.  In 
the  case  of  element  A4  (Table  2),  the  small  voltage  of  0.8  V was  observed  at  the 
beginning  of  the  electron  beam  irradiation;  if  we  had  rerun  the  test  again  at  a 
later  period  we  would  expect  the  observed  voltage  to  be  much  higher  than  0.8  V.  The 
average  rise  time  of  the  pulses  observed  ranged  from  5-10  ns. 


The  signals  coupled  to  nearby  grounded  conductors  during  big  discharges  Indicated 
that  there  were  two  different  discharge  processes.  In.  one  process,  a negative  spike 
with  a narrow  pulse  width  (40  ns)  was  Induced  on  a nearby  grounded  conductor  (Fig. 

3).  The  negative  signal  was  probably  due  to  the  ilow-of  -electrons  from  the  floating 
trace  to  the  grounded  trace _ In  another  process,  the  transient  signal  coupled  to  a 
nearby  conductor  consisted  of  two  distinct  parts.  The  first  part  was  the  negative 
narrow,  pulse  width  signal  (Fig..  4a)  with  characteristics  similar  to  the  previously 
mentioned  signal.  The  second  part  of  the  signal-consists  of  a positive  signal  with. 

a wide  pulse  width  (400  ns).  The  negative  portion  o£.  this  signal  was  again  due  to 

the  floating  circuit  trace  discharge.  However,  this  discharge  also  caused  the 
expulsion  of  electrons  stored  in  the  circuit  board  material.  These  blowoff  elec- 
trons, which  were  many  times  greater  in  number  than  the  electrons  stored  in  the 
floating  circuit  trace,  were  collected  by  the  plasma  detector.  This  process  was 
confirmed  by  the  negative  wide  pulse  width  signal  on  the  plasma  current  collector 
(Fig.  4b).  The  positive  signal  detected  by  the  grounded— trace  was  due  to  the— return 
current  of  the  electrons  stored- in  the  circuit  board. 

Experiments  with  conformal  coated  circuit  board  A indicated  the  maximum  energy 
and  voltage  of  the  transient  was  reduce  by  a factor  of  2 or  more.  The  reduction  is 
due  to  the  fact  that  the  conformal  coating  reduces  the  efficiency  of  coupling  by 
eliminating  the  direct  couple  path. 

After  performing  a variety  of  tests  on  Kapton  and  Teflon  flight  cabling,  it 
became  obvious  that  the  danger  lay  not  in  the  dielectrics  of  the  cabling  but  the 
problems  associated  with  floating  conductors  that  may  exist  in  the  cabling.  Induced 
transients  with  voltages  of  4-6  V were  observed  when  the  dielectric  insulation  of 
the  cable  discharged.  However,  due  to  engineering  changes  or  undetermined  plans, 
wires  within  the  cable  bundle  may  end  up  not  being  used.  These  wires  would  existas 
floating  conductors  inside  the  bundle  during  the  Galileo  mission.  Once  in  the 
Jovian  environment  the  bundle  would  be  exposed  to  penetrating  radiation.  The  wires 
could  then  be  charged  to  high  enough  potentials  to  breakdown  the  insulation  of  the 
wires  or  the  connectors.  Typical  discharge  signals  associated  with  grounded  and 
floating  conductors  inside  cable  bundles  are  shown  in  Figs.  5a  and  5b.  This  signal 
was  detected  by  a grounded  (through  50  ohm)  conductor  in  the  cable  bundle.-  Notice 
the  difference  in  magnitudes  of  transient  signals  between  the  two  cases. 

It  was  found  that  when  one  varied  the  impedance  of  the  monitored  wire  the  effect 
was  to  alter  the  pulse  width  of  the  induced  transient.  The  amplitude  of  the 
transient  remained  at  basically  the  same  level.  This  seems  to  indicate  that  the 
governing  impedance  of  the  detection  system  actually  depends  on  the  source  impedance 
of  the  discharge  itself. 


DESIGN  GUIDELINE  DISCUSSION 


From  the  measured  waveforms,  the  energy  that  can  be  coupled  to  a load  of 
impedance  R is  given  by  the  following  equation: 


E 


T 
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Where  Vpp  is  the  peak  voltage,  R is  the  Impedance,  and  T is  the  pulse  width.  Since 
most  of  the  observed  waveforms  resemble  a damped  sine  wave,  to  add  some  conservatism 
in  the  energy  calculation- T is  the  e-folding  pulse  width.  This  method- was  applied 
to  calculate  the  enefgy_of  all  transient  pulses  observed. 

In  the  discharge  of  each  circuit  trace,  pulses  of  different  magnitudes  were  ob- 
served. As  an  engineering  approach,  only  the  pulses  with- the  highest  magnitude 
(Table  2)  were  used  for  the  correlation  study.  The  energy  and  voltage  data  are 
plotted  in  Figs-  6a  and  6b.  In  both  plots,  the  data  obtained  from  circuit  trace 
element  # 4 were  omitted.  Figures  6a  and  6b  do  indicate  a trend,  i.e.  the  voltage 
and  energy  that  can  couple  to  a load  increases  with  the  area  of  the  circuit  traces. 

The  results  obtained  for  elements  6-8  on  the  noncoated  A circuit  board  did  not 
display  any  consistency  in  terms  of  floating  trace  spacing  and  the  resulting 
transient  parameters.  Tests  performed  on  circuit  board  B indicated  that  the 
transient  parameters  did  not  show  any  correlation  with  either  the  spacing  Or  the 
length  of  the  circuit  traces.  With-additional  statistics  it  may  be  possible  to 
determine  some  relationships. 


As  mentioned  in  the  previous  section,  the  cable  tests  indicated  that  the 
breakdown  of  cable  insulation  would  Induce  a 4-6  V transient  on  the  conductors  of 
the  cables.  This  low  voltage  level  is  acceptable  to  Galileo  spacecraft  subsystems 
since  all  the  circuits  are  designed  to  withstand  a 10-V  transient  voltage.  However, 
the  breakdown  of  cables  with  floating  conductors  can  induce  voltage  in  excess  of  10  V 
into  circuitry;  therefore,  a design  requirement  is  needed  for  cables  with  floating 
conductors.  In  order  to  derive  this  requirement,  the  results  from  the  Teflon  cable 
bundle  test  and  the  DMS  cable  test  were  used.  Figures  7 a and  7b  display  the  voltage 
and  energy  that  were  coupled  to  a 50-ohm  load,  respectively.  The  upper  data  point 
is  for  the  Teflon  cable  bundle.  There  were  several  floating  conductors  in  both  the 
Teflon  and  the  DMS  cable  bundles.  Because  of  the  wide  pulse  width  of  the  observed 
discharges,  the  discharges  were  most  likley  caused  by  more  than  one  floating 
conductor.  The  error  bars  in  Figs.  7a  and  7b  indicate  the  uncertainties  in  the 
total  length  of  floating  conductor  involved  in  the  observed  discharges. 

Steps  were  taken  to  define  design  guidelines  based  on  the  information  derived 
from  the  tests.  The  raw  data  provided  a margin  of  one.  However,  for  engineering 
purposes  a safety  factor  of  two  was  incorporated  into  the  design  guidelines.  These 
design  guidelines  had  their  origin  in  the  assumption  that  an  IC  would  not  be  damaged 
by  a transient  having  a voltage  of  20  V and  an  energy  of  4 pj.  The  two  design 
guidelines  derived  are: 


(1)  All  'Individual  wires  exceeding  25  cm  in  length  within  subsystem  wire 

harnesses,  Orbiter  system  wire  harnesses,  and  assembly-to-system  interface 
cabling  shall  have  a conductive  path  to  ground  with  1x10°  ohm  resistance 
when  measured  in  air  or  lxlO12  ohm  resistance  when  measured  in  vacuum. 


(2)  All  radiation  shields,  circuit  traces,  and  conductor  with  a surface  area 
greater  than  3.2  cm4  shall  be  electrically  grounded  unless  one  of  the 
following  conditions  can  be  verified: 


(a)  The  conductive  element  and  circuit  is  identical  to  Voyager  and  is 
approved  by  the  Environmental  Requirements  Engineer  and  Orbiter 
Manager  to  be  an  acceptable  risk. 
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(b)  The  conductive  element  is  verified  by  test  or  analysis  to  have 

g ' 19 

<1x10°  ohm  resistance  to  ground  in  air  or  1x10*^  ohm 
resistance  in  vacuum. 
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TABLE  1.  = RESULTS  OF  ELECTRON  IRRADIATION  TESTS  FOR  VARIOUS  GAL  1 1 FO 

SPACECRAFT  COMPONENTS 
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TABLE  2.  - TRANSIENT  PARAMETERS  OBSERVED  DURING  DISCHARGE  OE  ELEMENTS  OF 


NONCOATEO  BOARD  A 


eiiment 

WORST^ASE  ICfiO  TRANSIENT  PARAMETERS 

NO, 

VOLTAGE  (V^j 

PULSE  WIDTH  (nil 

ENfifGY  (J> 

1 

60 

339 

6.1  « 10"! 

2 

25 

510 

1 .6  M 10  , 

3 

10 

376 

6.1  X lo:; 

3.2  kIO  " 

4 

0.0 

10 

a 

6 

52 

9.4»10“y 

TO  STORAGE 
SCOPE  OR 
TRANSIENT 
DIGITIZER 


•iHww-O  TO  STORAGE  SCOPE 
50S2  I QR 

TRANSIENT  DIGITIZER 


FLAPPER 


ELECTRON  BEAM] 
e' 


0 


.ip 

i 

i 

• c 


SAMPLE 

HOLDER 

^-SAMPLES 

^--FARADAY 

CUP 

^-PLASMA 

CURRENT 

COLLECTOR 


Hj-*w4-t>TO  STORAGE  SCOPE 
50SI  OR 

TRANSIENT  DIGITIZER 


TO  DIFFUSION 
PUMP  AND  COLD 
TRAP 


Figure  1.  - Target  chamber  and  fixtures. 
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(a)  Board  A. 
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Figure  3.  - An  intermediate  discharge  pulse  observed  during  electron  beam  irra- 
diation of  circuit  boards  with  floating  circuit  trace.  Detector  is  a nearby 
grounded  trace. 


(a)  Detector,  nearby  grounded  trace.  (b)  Detector,  plasma  current  detector. 


Figure  4.  - Large  discharge  pulse  observed  during  electron  beam  irradiation  of 
circuit  board  with  floating  traces. 
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(b)  Floating  conductors. 


Figure  5.  - Discharge  pulses  observed  during  electron  beam  irradiation  of 
Teflon  cable  bundle.  Detector  in  both  cases  was  a grounded  conductor  within 
cable  bundle. 
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(a)  Voltage  versus  area. (b)  Energy  versus  area. 


Figure  6.  - Dependence  of  transient  parameters  on  circuit  trace  area. 


(a)  Voltage  versus  length.  (b)  Energy  versus  length. 


Figure  7.  - Dependence  of  transient  parameters  on  floating  conductor  length. 
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CHARACTERISTICS  OF  EWI  GENERATED  BY  NEGATIVE  MEIAL/BOSIIIVE  DIELECTRIC 
VOLTAGE  STRESSES  DUE  TO  SPACECRAFT  CHARGING 

R.  C.  Chaky  and  G.  T.  Inouye 
TRW  Space  and  Technology  Group 
Redondo  Beach,  California  90278 


Charging  of  spacecraft  surfaces  by  the  environmental  plasma  can  result  in 
differential  potentials  between  metallic  structure  and  adjacent  dielectric 
surfaces  in  which  the  relative  polarity  of  the  voltage  stress  is  either 
negative  dielectric/positive  metal  or  negative  metal/positive  dielectric.  The 
first  stress  polarity,  negative  dielectric/positive  metal,  has  been  studied 
extensively  in  prior  work  in  which  dielectric  targets  were  bombarded  with 
electrons.  The  second  polarity,  negative  metal/positive  dielectric,  has  not 
had  much  research  attention,  although  this  stress  condition  may  arise  if 
relatively  large  areas  of  Spacecraft  surface  metals  are  shadowed  from  solar  UV 
and/or  if  the  UV  intensity  is  reduced  as  in  the  situation  in  which  the 
spacecraft  is  entering  into  or  leaving  eclipse.  In  this  paper  we  present 
results  of  experimental  studies  of  negative  metal/positive  dielectric  systems. 

NASCAP  charging  analyses  and  SCATHA  data  have  shown  that  differential 
stresses  greater  than  3-6  kV  of  either  polarity  are  not  easily  generated  on 
spacecraft  exposed  to  the  geosynchronous  orbit  environment.  Measurements  by 
many  workers  have  shown  that  negative  dielectric/positive  metal  electrostatic 
discharge  (ESD)  thresholds  are  in  the  10-20  kV  range.  Negative  metal /positive 
dielectric  discharge  thresholds  are  in  the  1-3  kV  range,  and  are  therefore 
much  more  likely  to  be  the  source  of  in-orbit  electromagnetic  interference 
(EMI).  Prior  studies  (1,  2,  3)  have  identified  this  more  viable  arc  discharge 
mode  in  a qualitative  sense ► Figure  1 illustrates  some  of  the  features  of  the 
phenomena  associated  with  the  negative  raetal/positive  dielectric 
configuration.  Figure  1 is  a strip  chart  record  obtained  with  a solar  cell 
test  sample  biased  negatively  by  a porer  supply  through  a 10  kilomegohm  series 
resistor.  The  positive  dielectric  (cover  glass)  potential  is  generated  by 
photoemission  Induced  by  UV  irradiation.  The  setup  is  shown  in  Figure  2.  The 
voltage-divided  substrate  voltage,  V,  provides  the  input  for  the  strip  chart 
recorder.  With  the  bias  voltage  applied,  turning  on  the  UV  reduces  the 
substrate  voltage  by  the  normal  photoemission  current  IR  drop,  i.e.,  the 
sample  voltage  Vg  drops  from  7.1  kilovolts  to  6.9  kilovolts.  Shortly  after 
the  lamps  are  turned  on  arc  discharges,  blowoff  of  electrons,  are  seen  as 
momentary  pulses  raising  the  substrate  voltage  towards  zero  volts.  About  a 
minute  later  the  substrate  voltage  settles  below  -1  kV,  a steady-state 
condition  of  enhanced  electron  emission.  The  noisiness  of  the  enhanced 
emission  current  should  be  noted.  At  7*32  minutes  the  UV  lamps  are  turned 
off,  but  the  enhanced  electron  emission  (e3)  continues.  This  condition  may 
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continue  for  tens  of  minutes  or  may  abruptly  or  gradually  "wear  out"  and 
return  to  a normal  photoemiss ion- level  with  the.  UV  lamps  on,  and  only  arc 
discharge,  or  may  rever-t  to  the  e3  state.  The  phenomena  associated  with  the 
negative  metal/positive  dielectric  configuration. ace.  summarized,  below:. 

o Arc  discharges  at  low  voltages  (1-3  kVj 

o Enchanced  electron  emission  (e3) 

o Corona-like,  noise  associated  with  e3 

Figure  3 shows  the  surface  and  structure  potentials  relative  to  the  far 
plasma  calculated  as  a funOtion_of  the  solar  UV  intensity  for  a three-axis 
stabilized  spacecraft.  In  full  sunlight,  sunlit  dielectric  surfaces  as  well 
as  structure  are  a few  volts  positive,  mainly  because  of  the  predominance  of 
photoemission  currents  over  the  incident  negative  currents  due  to  the  substorm 
electrons.-  Dark  dielectric  surfaces,  surfaces  shadowed  by  other  parts  of  the 
spacecraft,  are  2-3  kV  negative  because  these  surfaces  are  not 
photoemitting.  As  the  UV  intensity  is  decreased,  the  structure  potential 
drops  towards  -3  kV  first  because  its  exposed  surfaces  are  both  sunlit  and 
shadowed.  The  sunlit  dielectric  surfaces  eventually  also  drop  to  -3  kV  at 
about  2051  of  full  sunlight.  At  zero  UV  intensity,  complete  eclipse,  all 
potentials  are  nearly  equal  at  about  -3  kV. 

Figure  4 shows  the  differential  voltages  relative  to  structure  computed 
from  the  data  for  Figure  3.  The  positive  dielectric  voltages,  the  sunlit 
surfaces,  peak  at  about  plus  2.8  kV  at  about  20$  of  full  sunlight,  a 
photoemission  current  density,  Juv,  of  above.  0.5  na/cm2.  This,  then,  is  the 
regime  in  which  the  low  voltage  reversed  polarity  arc  discharges  may  be 
expected  to  occur  most  readily.-  Figure  5,  from  the  paper  by  H.  C.  Koons  (4), 
shows  arc  discharges  observed  on  the  P78-2  (SCATHA)  satellite  as  it  goes  into 
and  out  of  eclipse  during  a substorm. 

Arc  discharge  blowoff  current  magnitudes  and  those  of  the  associated 
replacement  currents  depend  on  the  capacitance  of  the  spacecraft  to  space. 

This  capacitance  to  space  is  directly  proportional  to  the  linear  dimensions  of 
the  spacecraft,  and  hence  the  hazard  due  to  blowoff  will  Increase  as 
spacecraft  become  larger  in  future  designs.  Structural  replacement  currents 
are  collected  over  all  spacecraft  surfaces  and  flow  back  towards  the  arcing 
Source.  They  become  more  and  more  concentrated  near  the  source,  but  the 
possibility  exists  for  coupling  unwanted  EMI  into  victim  circuits  remote  from 
the  source.  The  flashover  component  of  a positive  dielectric  discharge 
increases  with  the  source  dimension,  but  its  effects  are  confined  to  localized 
electrostatic  and  magnetic  coupling.  The  peak  voltage  associated  with  these 
discharges  was  found  to  be  that  of  the  negative  metal  potential  prior  to  the 
discharge,  a positive-going  step  in  0.5  to  1.5  microseconds.  The  recovery 
time  to  re-adjust  to  the  original  negative  potential  was  the  RC  recharge  time 
constant,  on  the  order  of  a fraction  of  a millisecond. 

Another  facet  of  the  EMI  generated  by  the  negative  metal/positlve 
dielectric  configuration  arises  if  it  results  in  the  enhanced  steady-state 
corona-like  electron  emission  condition.  The  emission  currents  exhibit  an 
Impulsive  noise  characteristic  which  increases  in  amplitude  and  frequency  of 
occurrence  with  the  level  of  emission  current.  We  interpret  this  noise 
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characteristic  as  being  due  to  the  burn-up  of  localized  sharply  pointed  high 
field  emission  sources.  Peak  noise  voltages  of  1.5  kV  and  currents  of 
4 microamps  have  been  observed  on  a Strip,  chart  recorder  (0-10  Hz 
bandwidth).  On  a wide  band  oscilloscope  the  amplitude  and  risctimes  may 
approach  those  of  the  individual  discharges  discussed  earlier-. 


TEST  -CONFIGURATION 


Test  were  performed  in  a 2*  x 4*  vacuum  chamber  at  pressures  between  10"^ 
and  10“°  Torr.  Negative  sample  substrate  potentials  were  obtained  with  a high 
voltage  power  supply,  and  the  more  positive  but  still  negative  dielectric 
surface  potentials  were  obtained  by  irradiation  with  mercury  UV  lamps.  The 
test  setup  for  EMI  characterization  is  shown  in  Figure  6.  Earlier  tests  by 
Inouye  and  Sellen  (1)  applied  the  negative  bias  with  an  electron  beam  from  a 
gun  located  at  the  opposite  end.  of-  the  vacuum  chamber  to  more  nearly  simulate 
the  in-orbit  situation-  The  adjustable  (0  to  20  kV)  power  supply  with 
selectable  series  resistor,  Rj  (80  Meg  to  10  kMeg),  provides  a more  easily 
controlled  and  defined  source  of  negative  bias. 

The  25  kMeg  - 1 Meg  resistive  divider  tied  to  the  point  between  and 
the  sample  performs  two  important  functions.  First,  it  provides  a convenient 
measure  of  sample  voltage,  and  because  of  the  IR-|  voltage  drop,  the  sample 
emission  current.  The  strip  chart  record  of  Figure  1 was  obtained-  at  this 
test  point.  Even  more  important,  the  25  kMeg,  in  parallel  with  R-j,  isolates 
the  sample  from  the  vacuum  system  ground  and.  allows  the  sample  potential  to 
more  nearly  simulate  equilibration  as  it  would  occur  in  orbit.  Short  duration 
arc  discharge  voltage  swings  and  associated  currents  will  also  be  more  closely 
simulated  than  in  test  configurations  in  which  low  Impedance  (power  supply 
output  impedances,  50  ohm  cable  terminations)  were  used  — 

The  strip  chart  record  provides  a low  frequency  (0-10  Hz)  measure  of  the 
sample  voltage  and  current  which  is  Tine  as  an  indication  of  equilibration 
currents,  but  is  only  a qualitative  measure  of  the  total  electromagnetic 
interference  (EMI)  situation-  The  additional  circuitry  shown  in  Figure  6 
provides  the  necessary  diagnostics  to  define  the  higher  frequency  EMI 
components.  The  test  sample  is  further  isolated  with  a 15  Meg  resistor,  and 
Ci/C2  a capacitive  voltage  divider,  Just  outside  the  vacuum  chamber,  which 
provides  a measure  of  sample  voltage.  The  1 ohm  resistor  at  the  bottom  of  C2 
provides  a direct  measure  of  the  sample  current.  G-|,  25  pf  to  0.1  yf, 
represents  the  spacecraft  capacitance  to  space.  These  two  capacitance  values, 
for  a spherical  spacecraft,  represent  spacecraft  radii  of  0.5  m and  1 km 
respectively,  and  will  be  demonstrated  that  the  spacecraft  dimension  has  a 
critical  effect  on  the  character  of  arc  discharges. 

The  sample  voltages  and  currents  measured  by  Clf  C2  and  the  1 ohm 
resistor  and  the  strip  chart  record  provide  a measure  only  of  emitted  or 
blowout  currents.  Another  component,  the  flashover  currents  which  flow  from 
the  front  of  the  dielectric  directly  to  the  substrate,  cannot  be  detected  at 
the  1 ohm  resistor.  That  this  component  exists  and  that  a uniform  wipeoff  of 
the  initial  charge  occurs  has  been  demonstrated  by  scanning  the  dielectric 
surface  potential  with  an  electrostatic  voltage  probe  (not  shown  in  Figure  6) 
before  and  after  a discharge.  A loop  antenna  with  its  axis  parallel  to  the 
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plane  of  the  dielectric  has  been  installed  to  attempt  to  obtain  a measure  of 
the  flashover  currents.  Since  the  direction,  of  surface  current  flow  is 
random,  only  a qualitative  indication  is  to  be  expected-  The  blowout 
component  may  also-  couple  magnetic  flux  into  this  horizontal  loop,  It3  time 
history,  however,  is  known  from  the  1 ohm. real 3 tor,  and  therefore  the  loop  may 
provide  data-ontha-flashoven- component . 

Two  stainless  steel  wire  meshes  -are  located  in  front  of  the  test  sample 
between  the  sample  and  the  UV  lamps.  They  have  a transparency  of  80  to  90 
percent  and  hence  do  not  materially  affect  the  UV  intensity  at  the  sample - 
These  meshes  were  installed  to  detect  separately  the  electrons  and  the- 
positive  ion  components  of  the  blowoff  current.  The  first  grid  is  grounded 
through.  50  ohms,  and  the  second  is  biased  negatively,  after  filtering,  from 
the  power  supply.  The  first  grid  at  ground  potential  is  necessary  to  permit 
photoelectrons  to  leave  the  dielectric  surface,  thus  biasing  that  surface 
positively  relative  to  the  metallic  substrate. 


TEST  RESULTS 


The  majority  of  test  samples  in  the  tests  reported  here  were  solar  cells 
mounted  in  the  configuration  shown  in  Figure  7.  Table  1 lists  the  eight 
various  combinations  of  coverglass  material,  interconnect  type  and  insulation 
(or  not)  from  the  aluminum  substrate.  Samples  9 and  10  were  duplicates  of 
Sample  1 and  2.  One  objective  of  the  tests  was  to  determine  which  type  of 
sample  exhibited  enhanced  electron  emission  and  which  did  not.  Only  a few 
samples  exhibited  e^,  and  not  all  arc  discharged.-  Table  2 summarizes  the 
results . 

The  following  results  on  detailed  EMI  characteristics  were  obtained  on  a 
solar  cell  sample  with  the  normal  interconnects,  fused  silica  coverglass  and 
Kapton  insulation,  Sample  No.  1 on  Table  1.  Figure  8 is  a plot  of  the  steady- 
state  e^  current  versus  sample  voltage.  It  shows  that  e’  currents  become 
significant  above  200  volts  and  increase  monotonically  with  increasing  sample 
voltage.  Figure  9 is  a plot  of  peak  noise  currents  as  seen  on  the  strip  chart 
record  (0-10  Hz)  as  a function  of  the  dc  e^  current.  Peak  noise  voltages  of 
1.5  kV  and  4 microamperes  in  amplitude  have  been  observed.  On  a wideband 
oscilloscope  these  peaks  can  be  as  high  as  the  individual  arc  discharges  which 
are  discussed  next.  The  main  point  here  is  that  the  steady-state  e^  condition 
is  best  described  as  being  corona-like  and  is  very  noisy.  One  other  important 
aspect  of  enhanced  electron  emission  is  its  very  localized  nature.  By 
covering  successively  smaller  halves  of  the  test  sample  surface  with  5 mil 
Kapton,  nearly  the  entire  emisson  current  was  found  to  be  emitted  from  less 
than  1/128  of  the  total  sample  area.  This  small  exposed  area,  of  course, 
included  some  metal  and  some  dielectric.  Thus,  currents  are  emitted  from  a 
extremely  localized  source,  and  should  not  be  considered  as  a per  unit  area 
phenomenon  such  as  the  charging  process. 

Arc  discharges  due  to  negative  metal-positive  dielectric  charges  were 
investigated  at  the  diagnostic  points  shown  in  Figure  6 using  a wideband 
oscilloscope  and  Polaroid  camera.  Most  of  the  oscilloscope  waveform  records 
were  taken  with  Ci  equal  to  100  pf  (a  1 meter  radius  spacecraft),  and  Cg  equal 
to  .05  pf,  a 500;1  voltage  division  ratio.  Figure  10a  is  the  substrate 
voltage  waveform  showing  a rise  from  the  predisehargs  potential  (-3  kV)  to 
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zero  volts  in  about  1 J?  ms*  The  voltage  falls  back  to  the  predischarge  level 
in  about  5 ws,  a time  defined  by  the  spacecraft  capacitance  and  the  chargeup 
current  defined  by  the  series  resistor,  in  our  test  setup.  Figure  10b  is 
the  rate-of-change  of  current  as  measured  by  the  loop  antenna.  Figure  10c  is 
the  substrate  voltage  when  Cj.  is-  made  to  be  0.1  uf  and  Cg  is  replaced-  with  a 
50  ohm. resistor.  The  voltage  risetime  is  6 ps,  and  the  total.,  pulsewidth  is 
about  20  ps.  Figure  lOd  is  the.  voltage  waveform  at  the  first  grid  or  mesh  in 
front  of  the  test  sample,  with  C equal  to  100  pf.  The  mesh  is  collecting 
blowoff  electrons  most  of  the  time  except  for  a positive  pip  at  the  end  due  to 
ions.  Figure  lOe  is  the  same  mesh  current  when  is  25  pf.  The  collected 
current  is  ionic  for  most  of  the  time  except  for  a short  electronic  pip  at  the 
beginning.  For  values  of  Ci  greater  than  100  pf,  the  waveform  is  always 
negative.  Figure  lOf  is  the  waveform  at  the  second  grid  when  it  is  biased 
negatively.  Positive  ions  are  collected  after  the  first  microsecond  with  a 
risetime  of  about  6 ps.  The  ionic  current  pulse  lasts  for  about  6 ms.  These 
waveforms  demonstrate  that  the  discharges  are  not  purely  electronic,  but  that 
ions  are  intimately  involved  in  the  discharge  process. 


D1JCUSSI0N  AND  CONCLUSIONS 


The  test  results  reported  here  characterizing  the  EMI  generated  by 
negative  metal/positive  dielectric  voltage  stresses  are  not  all-encompassing 
nor. complete.  However-,  important  data  has  been  obtained i 

o Enchanced  electron  emission-  I-V  curves 

o e3  corona  noise  vs  e3  steady-state  current 

o Localized  nature  of  e3  and  negative  metal  arc  discharge  currents 

o Negative  metal  arc  discharges  at  stress  thresholds  below 
1 kilovolt 

o Negative  metal  arc  discharge  characteristics 

o Dependence  of  blowoff  arc  discharge  current  on  spacecraft  capacitance 
to  space  (linear  dimension) 

o Damage  to  second  surface  mirrors  due  to  negative  metal  arcs 

Among  the  arc  discharge  parameters  of  interest  are  the  relatively  slow 
risetimes  on  the  order  of  1 us  for  approximately  200  cm2  sample  sizes.  A 
quick-look  analysis  of  the  phenomenology  of  a negative  metal  discharge  as 
compared  to  that  of  a brushfire  model  developed  for  the  opposite  stress 
polarity,  positive  metal/negative  dielectric,  leads  to  many  dissimilarities  in 
the  physical  situations.  For  example,  field  emission  of  electrons  is  possible 
from  a negative  metal  but  not  from  a positive  metal.  The  empirical  data  shows 
that  risetimes  are  too  slow  for  purely  electronic  processes,  and  the  detection 
of  an  ionic  component  in  the  blowoff  current  indicates  that  many  aspects  of 
the  brushfire  model  may  yet  be  applicable.  The  slow  risetime  as  compared  to 
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discharges  of  the  opposite  polarity  may  have  to  do  with  the  reduced  breakdown- 
voltage  threshold  rather  than  any  fundamental  difference  in  the  on-going 
physical- processes. _ 

A significant  aspect  of  the  blowoff  current  is  that  it  increases  in 
magnitude  as  the  spacecraft  capacitance  to  space-,  in  our  test,  increases  - 

Figure  11  shows  the  linear  rise  of  peak  discharge  current  vs  C1  obtained  in 

our  tests.  Our  test  data  also  indicate  that,  unlike  the  prediction  of  the 
brushfiee  theory  for  discharges  of  the  opposite  polarity,  the  blowoff  current 
source  is  localized  rather  than  moving  over  the  surface  at  the  head  of  the 
brushfire  wavefront.  The  cracking  of  second  surface  mirrors,  not  observed 
with  the  positive  metal  polarity,  is  a further  indication  of  this  aspect  of 
negative  metal  discharges. 

Much  more  work  needs  to  be  done  in  understanding  the  phenomenology  of 
negative  metal/positive  dielectrics  discharges,  and  in  characterizing  the 
various  associated  EMI  parameters.  For  example,  the  dependence  of  discharge 
characteristics  on  sample  area,  sample  thickness  and  sample  material  have  not 
been  determined,  and  a basic  phenomenological  model  has  not  been  developed 
which  is  completely  consistent  with  our  physical  intuition  and  the 
observational  data.  The  authors  acknowledge  the  skillful  assistance  of 
J.  R.  Valles  in  obtaining  the  laboratory  test  data. 


REFERENCES 

1.  G.  T.  Inouye  and  M.  J.  Sellen  Jr-,  "TDRSS  Solar  Array  Arc  Discharge 
Tests",  Spacecraft  Charging  Technology-1978,  NASA  CE-2071, 

AFGL-TR- 79- 0082 , 1979. 

2.  N.  J.  Stevens,  H.  E.  Mills  and  L.  Orange,  "Voltage  Gradients  in  Solar 
Array  Cavities  as  Possible  Breakdown  Sites  in  Spacecraft—Charging-Induced 
Discharges",  IEEE  Transactions  on  Nuclear  Science, 

Volume  NS- 28,  No.  6,  December  1981. 

3.  G.  T.  Inouye  and  R.  C.  Chaky,  "Enhanced  Electron  Emission  from 
Positive  Dielectrio/Negative  Metal  Configurations  on  Spacecraft",  IEEE 
Transactions  on  Nuclear  Science,  Volume  NS-29,  No.  6, 

December  1982. 

4.  H.  C.  Koons,  "Summary  of  Environmentally  Induced  Electrical  Discharges  on 
the  P78-2  (SCATHA)  Satellite",  AIAA  20th  Aerospace  Sciences  Meeting, 
January  1982. 

5.  G.  T.  Inouye,  "Brushfire  Arc  Discharge  Model",  Spacecraft  Charging 

Technology-1980,  NASA  CP  2182,  AFGL-TR-81-0270. 


TABLE  1. 


CHARACTERISTICS  OF  INDIVIDUAL  SOLAR  CELL 
9,  and  10  are  most  nearly  flight- 


SAMPLES, 

like.) 


(Samples  1,  2, 


SAMPLE 

NUMBER 

cover  Class 

MATERIAL 

INTERCONNECTS 

USED 

KAP1GN 
USED  AS 
INSULATION 

1 

FUSED  SILICA 

STANDARD 

YES 

2 

ceria  Class 

STANDARD 

YES 

3 

FUSED  SILICA 

IN-PLANE 

YES 

4 

CERIA  GLASS 

INPLANE 

YES 

5 

FUSED  SILICA 

NONE 

YES 

6 

CERIA  GLASS 

none 

YES 

7 

FUSED  SILICA 

NONE 

NO 

8 

CERIA  GLASS 

NONE 

NO 

9 

FUSED  SILICA 

STANDARD 

YES 

10 

CERIA  GLASS 

STANDARD 

YES 

TABLE  2.  - SOLAR  CELL  TEST  SUMMARY 


SAMPLE 

NUMBER 

PHOTOEMISSION 
CURRENT  (NA) 

ARCING 

ENHANCED  ELECTRON 
EMISSION 

1 

4.0 

YES 

YES 

2 

4.1 

YES 

NO* 

3 

4.0 

YES 

NO 

4 

3.4 

YES 

NO 

S 

0.7 

YES 

NO 

| 6 

0.042 

YES 

NO 

7 

29.0 

YES 

YES 

e 

20.6 

YES 

NO* 

9 

3 6 

YES 

NO* 

to 

5.5 

NO 

NO* 

•WE  HAVE  OBSERVED  E3  PREVIOUSLY  FOR  THIS  CONFIGURATION,  BUT  NOT 


THIS  SAMPLE 
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Figure  1. 
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emission 
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— 1*10.0  MIN  l AMPS  OFF. 


— 1*16.011  MIN.  CHANGE  SCALE: 
Vs«2.fi  kV  FULL  SCALE 

— 1*13.04  MIN.  LAMPS  ON. 

— 1-13.00 MIN.  TURNON  V A 
VA— 10kV. 

— 1*12.20  MIN.  TURN  OFF  VA 


— 1*10.32  MIN.  LAMPS  OFF 

1*9.32  MIN.  LAMPS  ON. 

l*t.10*MlN. 


— 1*7.32  MIN.  LAMPS  OFF. 


— t-4.3  MIN.  LAMPS  ON. 
VA*10  kV. 

Va*8  kV. 

INCREMENT  VA. 

— t-2.2 MIN. CHANGE  SCALE: 
Vs-  -7.5  kV  FULL  SCALE. 

INCREMENT  VA. 

VA-1kV. 

VA  ■ 2 kV. 

— t*0.  VA  • 1 kV.  V<*  * -2.5  kV 
FULL  SCALE. 


Strip  chart  record  of  voltage  variation  in  time,  for  solar  cell 
(This  illustrates  noisy  voltage  characteristic  of  enhanced  electron 


Figure  3.  - Spacecraft  surface  potentials  for  NASA  severe  environment  as  func 
tion  of  photoemission  current  density,  computed  using  1SCAT  (TRW  spacecraft 
charging  technique). 


POTSMTMl  OimnCKCC.  (KILOVOLT?) 


Figure  4.  - Differential  surface  voltages  corresponding  to  figure  3 
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Figure  5.  - Correlation  of  occurrence  of  arc  discharges  in  SCATHA  P73-2  space- 
craft with  reduced  sunlight  intensity  with  entrance  and  exit  for  eclipse 
(Coincides  with  peak  in  differential  surface  voltages  from  figure  4.). 
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SAMPLE  CURRENT  (pAMPS) 


SAMPLE  VOLTAGE  (KILOVOLTS): 

Figure  8.  - Steady-state  enhanced  electron 
emission  current  versus  sample  voltage. 


0 10  20  30 


e3  DC  SAMPLE  CURRENT  (j/AMPS) 

Figure  9.  - Peak-to-peak  enhanced  electron  emission  (e3)  noise  current  versus 
dc  e3  current.  (0-10  Hz). 
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Figure  10.  - Negative  metal  arc  discharge  waveforms. 
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LABORATORY  STUDIES  Ot-SPACECRAFT  RESPONSE  TO  TRANSIENT  DISCHARGE-  PULSES* 


3.  E.  Nanevlcz  and  R.  C.  Adamo 
SRI  International 
Menlo  Park,  California  94025 


A set  of  preliminary  laboratory  experiments  was  conducted  to  Investigate 
several  basic  Issues  in  connection  with  the  in-orbit  measurement  of  spacecraft 
discharge  properties.-  These  include  design  and  fabrication  of  appropriate  sensors 
and  effects  of  spacecraft  electromagnetic  responses  ou  the  interpretation  of  the 
discharge  data.  Electric  field  sensors  especially  designed  to  respond  to  high-speed 
transient  signals  were  installed  on  a mock-up  of  a satellite.  The  simple  mock-up 
was  basically  a sheet  of  aluminum  rolled  to  form  a cylinder.  A movable  spark-dis- 
charge noise  source  designed  to  be  electromagnet ically  isolated  from  its  power 
supply  system  was  used  to  induce  transient  signals  at  various  locations  on  the 
"spacecraft's"  outer  surface.  These  measurements  and  their  results  and  implications 
are  described  herein.  It  is  concluded  that  practical  orbital  measurements  to  define 
discharge  noise  source  properties  should  be  possible,  and  that  simple  mock-ups  of 
the  type  described  below  are  useful-in  sensor  system  design  and  data  interpretation. 


INTRODUCTION 


It  ^j|s  recognized  about  ten  years  ago  that  spacecraft  charging  occurs 
(ref.  1)  and  constitutes  a potential  electromagnetic  hazard  to  operational 
satellites  (ref.  2).  In  spite  of  this  awareness,  surprisingly  little  orbital 
information  has  been  generated  to  date  regarding  the  electromagnetic  properties  of 

the  discharge  source  (refs.  3,4).  Such  information  is  essential  to  the  proper 

specification,  design,  and  ground  testing  of  satellites. 

In  designing  an  instrumentation  system  for  the  in-orbit  measurement  of 
discharge  properties,  it  is  necessary  to  recognize  and  take  into  account  the  effects 
of  both  the  sensor  and  spacecraft  in  modifying  the  signal  radiated  by  the 
discharge.  In  particular,  since  the  sensor  antennas  and  the  spacecraft  itself 
exhibit  electromagnetic  resonances,  the  received  signal  will  not  exactly 


The  work  described  here  was  conducted  as  part  of  SRI's  internal  research  and 
development  (IR&D)  activity.  The  authors  are  grateful  to  SRI  and,  in  particular,  J. 
B.  Chown,  the  director  of  the  Electromagnetic  Sciences  Laboratory,  for  supporting 
and  providing  the  funding  for  this  work.  The  setup  was  assembled  and  the  experi- 
ments performed  by  W.  C.  Wadsworth.  The  sensors  were  designed  and  built  by  G.  R. 
Hilbers. 

'fg'jg 

References  are  included  at  the  end  of  this  paper. 
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duplicate  the  signal  at  the  source.  To  investigate  the  problems  associated  with 
orbital- measurements,  a rudimentary  laboratory  mock-up  of  a spacecraft  was  assembled 
and  equipped  with-  sensors  and  transient-measuring  instrumentation-  This-  work 
extended- earlier  laboratory  measurements  conducted  to  Investigate  the 
electromagnetic  properties  of  discharges  on  spacecraft  thermal-control  materials 

(refs.  2,5,6).  Provisions  were  made  to  excite  the  mock-up  with  an  isolated-spark 

source  and  to  record  the  sensor  responses  to  reccrd  simulated  vacuum  arc* 

Tests  on  the  mock-up  indicate  that,  with  proper  sensor  design  and  placement,  it 
is  possible  to  minimize  the  effects  of  sensor  and  vehicle  resonances  in  masking 
important  characteristics  of  the  signals  generated  by  the  discharges.  Furthermore, 
the  tests  indicate  that  the  same  simple  Instrumentation  can  be  used  in  orbit  to 
define  certain  Important  characteristics  of  arc  discharges  and  to  infer  where  on  the 
spacecraft  discharges  are  occurring. 


SENSOR  DESIGN 


It  is  important  to  recognize  that  a discharge  caused  by  spacecraft  charging  is 
a very  brief  transient  phenomenon,  and  that  excessive  distortion  of  the  measured 
data  by  successive  reflections  from  the  ends  of  the  sensing  antenna  (ringing)  must 
be  prevented.  Two  possible  solutions  to  this  problem  are  illustrated  in  figure  1. 
First,  the  sensor  element  may  be  made  long  so  that  the  interesting  portion  of  the 
transient  signal  has  been  recorded  before  the  reflection  from  the  end  of  the  sensor 
returns  (fig.  la).  To  minimize  reflections,  the  far  end  of  the  sensor  may  be  made 
lossy  and  terminated  in  its  characteristic  Impedance.  Alternatively,  the  dimensions 
of  the  sensor  may  be  made  electrically  small  so  that  the  first  sensor  resonance 
occurs  above  the  highest  frequency  of  interest  (fig-  lb).  In  this  design,  either 
the  source  spectrum  does  not  contain  appreciable  energy  at  the  ringing  frequency  or 
the  measuring  system  bandwidth  is  too  narrow  to  permit  the  ringing  to  be  recorded. 
Although  large  antennas  have  been  considered  for  the  ground-based  study  of  transient 
signals,  electrically  small  sensors  are  the  only  ones  practical  for  in-flight 
measurements • 

The  electrically  small  field  sensor  provides  an  output  proportional  to  the 
electric  or  magnetic  field  or  its  derivative  at  the  sensor's  location.  Equivalent 
circuits  for  the  small  electric  dipole,  evolved  during  the  development  of  low-fre- 
quency avionic  systems  (refs.  7,  8)  are  shown  in  figure  2.  The  open-circuit  voltage 
of  the  electric  dipole  is  directly  proportional  to  the  local  electric  field  (fig. 

2a)  while  the  short-circuit  current  is  proportional  to  the  derivative  of  the 
electric  field  (fig  2b).  The  short-circuit  current  can  be  measured  using  a broad- 
band current  transformer.  With  modern  high-lmpedence  FET--lnput  amplifiers,  it  Is 
possible  to  measure  the  open-circuit  voltage  over  a wide  range  of  frequencies.  The 
experimenter  is  therefore  free  to  choose  between  measuring  E or  D.  In  the 
laboratory  experiment  of  refs.  5 and  6,  a small  dipole  with  a built-in  VET  preamp- 
lifier was  used. 

Equivalent  circuits  for  the  magnetic  dipole  are  shown  in  figure  3.  The  open- 
circuit  voltage  of  the  magnetic  dipole  is  proportional  to  the  derivative  of  the 
magnetic  field  (fig.  3a)  and  the  short-circuit  current  is  proportional  to  the  magne- 
tic field  (fig.  3b).  To  measure  the  short-circuit  current,  the  measuring  apparatus 
must  have  an  insertion  impedance  that  is  small  compared  with  ju>L,  the  inductive 
reactance  of  the  sensor,  throughout  the  frequency  range  of  interest.  For  a given 
antenna  inductance,  L,  and  system  input  impedance,  R,  this  implies  that: 
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Thus,  to  measure  Igc  at  low  frequencies,  the  loop  Inductance  should  be  high*  Unfor- 
tunately, simply  Increasing  the  loop  inductance  lowers  the-  resonant  frequency  of- -the 
loop  and  reduces  the  effective  sensitivity  of  the  dipole*  A modern  current 
tranformer  (such  as  the  Tektronix  CT-2)  may  have  an  insertion  Impedance  of  0.1)4  ft  In 
parallel  with  3 pH,  thus  allowing  the  design  of  loops  responding  directly  to  the 
tangential  magnetic  field-  Intensity,  H,  over  a bandwidth  ranging  from  several  kilo- 
hertz through  HF. 

If  the  loop  Inductance  Is  reduced  to  extend  the  high-frequency  response  to  VHF, 
the  Inductive  reactance  becomes  small  compared  to  the  Insertion  Impedance  of  avail- 
able current  probes  over  much  of  the  frequency  range  of  Interest.  Therefore,  with 
magnetic  field  sensors  Intended  for  high-frequency  studies,  the  open  circuit  voltage 
Is  usually  measured ,_  and  so  the  response  is  proportional  to  B. 

At  the  surface  of  a good  conductor,  the  magnitude  of  the  surface  current 
density,  J,  is  equal  to  the  magnitude  of  the  tangential  magnetic  field  intensity, 

H.  Thus,  a skin  current  density  sensor  may  be  either  a magnetic  dipole  (small  half- 
loop) or  a current  dipole  (small  slot).  The  loop  antenna  responds  to  the  magnetic 
field  at  the  surface  of  the  conducting  plane  based  on  the  elementary  flux  linkage 
concept  (figure  4a).  The  loop  may  also  be  considered  to  respond  to  the  current 
induced  in  the  plane  by  the  magnetic  field.  In  the  dynamic  field  case,  the  current 
in  the  ground  plane  and  the  surface  magnetic  field  are  inseparable.  A slot 
interrupts  the  uniform  current  density,  J,  that  would  normally  flow  on  the  surface, 
forcing  part  of  this  current  to  flow  through  the  short-circuited  slot  terminals 
(fig.  4b).  The  slot  current  is: 


I - J!  = Hi 
e e 


(2) 


where  X.Q  is  the  effective  height  of  the  antenna. 

The  impedance  of  the  small  slot  is  primarily  inductive  reactance* 
open-circuit  voltage  at  the  slot  terminal  is: 


a & 

e dt 


V f 


Hence,  the 
(3) 


The  short-circuit  current  and  open-circuit  voltage  of  a small  loop  antenna  are, 
respectively: 


I 


and  V ■ tiA 

dt 


(4) 


where  A is  the  area  of  the  loop,  p - 4ir  x 10“^  H/m,  J ie  the  surface  current 
density,  and  L is  the  loop  inductance. 

Shielding  is  necessary  to  make  the  loop  insensitive  to  the  electric  field. 
Conventional  shielded  loop  design  can  be  used  for  thi3  purpose.  Although  loops  are 
more  sensitive  than  slots  of  comparable  size,  they  protrude  from  the  skin  and  may 
lead  to  mechanical  interference  problems.  Since  slots  are  flush  with  the  skin,  they 
may  be  installed  anywhere  a break  in  the  skin  can  be  allowed. 
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As  Indicated  earlier,  measuring  the  short-circuit  current  requires  the  measur- 
ing apparatus  to  have  an  insertion  impedance  that  is  small  compared  with  the 
inductive  reactance,  JwL,  throughout  the  frequency  range  of  interests- Because  1 Is 
small  for  a small,  halfcloop  and  even- smaller  for  a.  small  slot,  it  is  difficult  to 
measure  the  late-time,  short-circuit  current  directly.  Therefore,  the  open-circuit 
voltage  is  usually  measured  in  transient  electromagnetic  studies.  Measurement  of 
magnetic  fields  in  the  laboratory  experiments  of  refs.  5 and  6 was  implemented  by 
using  a series  Of— slot  antennas  installed  in  the_ground  plans  of  the  test  set  up. 

The  problem  of  developing  and  optimizing  sensors  for  transient  electromagnetic 
field  measurements  has  been  of  great  concern  to  the  BMP  community.  Techniques  for 
extending  the  performance  of  the  basic  sensors  discussed  above  have  been  developed 
by  Baum  and  others  and  have  been-  published  in  the  Sensor  and  Simulation  Notes  edited 
and  authored- by  Baum  (ref.  9).  Portions  of  this  work  applicable  to  lightning 
measurement  are  contained  In  reference  10.  Many  of  these  sensors  and  sensor 
concepts  can  be  adapted  for  spacecraft  applications. 

In  addition  to  electromagnetic  field  measurements,  the  spacecraft  experimenter 
is  often  interested  in  the  currents  and  voltages  induced  in  internal  wiring.  A 
variety  of  commercial  current  transformers  are  available  ccvering  the  frequency 
range  of  interest.  These  transformers  are  well  shielded  and  designed  to  minimize 
response  to  electric  fields.  Thus,  current  measurements  are  simple  and  straightfor- 
ward to  instrument. 

Voltage  measurements — particularly  differential  voltage  measurements — may  be 
more  difficult  to  carry  out.  To  measure  the  voltage  between  a particular  wire  and 
the  frame,  the  probe  must  have  adequate  bandwidth.  Impedance,  and  dynamic  range. 
Measuring  the  differential  voltage  between  a pair  of  wires-  is  more  difficult.  Not 
only  must  the  probe  be  able  to  cover  the  dynamic  range  and  bandwidth  of  interest,  it 
must  function  in  the  presence  of  common-mode  signals  substantially  larger  than  the 
desired  signal.  The  present  state  of  spacecraft  charging  research  is  such  that 
differential  voltage  measurements  are  probably  best  deferred  to  the  future. 


SENSOR  PLACEMENT  (AIRFRAME  EFFECTS) 


An  electromagnetic  field  sensor  provides  information  about  the  electromagnetic 
fields  at  its  location;  unlecs  special  precautions  are  taken,  the  vehicle  itself 
act3  aa  an  integral  part  of  the  sensor.  At  frequencies  corresponding  to  the  vehicle 
resonances,  the  antenna/spacecraft  system  can  exhibit  complex  interactions.  At  VHF 
and  above,  the  antenna/spacecraft  system  has  the  characteristics  of  the  antenna 
element  mounted  on  a large,  complex  ground  plane.  These  problems  have  been  studied 
in  substantial  detail  for  aircraft  and  rockets  in  connection  with  antenna  design  and 
Investigation  of  EMP  susceptibility  (ref.  11).  In  particular,  for  the  case  of  a 
slender  cylinder,  it  is  possible  to  derive  a formula  for  the  time  domain  response  to 
a unit-step  driving  pulse.  The  results  of  such  a calculation,  shown  in 
Figure  5,  demonstrate  several  interesting  affects:  the  ringing  of  the  system  at  a 
frequency  determined  by  the  length  of  the  cylinder  is  clearly  evident.  Also,  it 
should  be  noted  that  the  current  is  maximum  at  the  center  of  the  cylinder  (u  ■ 0) 
and  creases  as  one  moves  toward  the  ends  (u  ■ 1/4).  Thus,  in  the  case  of  a slim 
cylinder  such  as  an  aircraft  or  rocket,  a substantial  degree  of  decoupling  from  the 
airframe  resonances  can  be  achieved  by  locating  the  magnetic  sensor  at  the  end  of  a 
structural  member  (e.g,,  at  the  nose  of  the  fuselage)  where  the  current  is  zero. 
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Conversely,  since  the  electric  field  is  maximum  at  the-onds  Of  a conductor,  E-field 
sensors  are  most  strongly  affected  at  the  extremities. 


SATREUTE  MOCK-UP  EXPERIMRNTS- 


Al  chough-  the  time  waveforms  in  Figure  5 indicate  that  substantial  ringing  can 
occur  when  a body  is  excited  by  a transient  Impulse,  It  must  be  recognized  that  the 
data  In  the  figure  are  valid  Ccr  a slender  cylinder*  In  general.,  electromagnetic 
theory  Indicates  that,  for  fatter  bodies,  the  ringing  dies  out  much  more  rapidly 
(i.e.,  fat  bodies  have  a lower  Q).  Thus,  it  was  possible  that  the  signals  excited 
on  a satellite  by  a transient  discharge  might  be  much  less  complicated  than  one 
would  infer  from  figure  5.  To  investigate  the  electromagnetic  properties  of  a body 
resembling  a satellite,  and  to  gain  Insight  into  the  feasibility  of  discharge  source 
characterization,  the  laboratory  “satellite"  mock-up  shown  in  figures  6 and  7 was 
assembled.  Figure  6 shows  the  general  size  and  form  of  the  mock-up,  which  is  simply 
a hollow  uncapped  cylinder  made  of  sheet  aluminum.  It  is  approximately  1.8  m In 
diameter  and-  1.2  m high  and  stands  upright  on  a 0.75-m  high  non-conductlve,  large- 
area  wooden  table.  For  the  initial  tests,  two  Small  electric-dipole  sensors 
(equipped  with  high  Input  impedance  preamplifiers  so  that  the>  respond  directly  to 
the  local  E field  as  was  discussed  earlier)  were  mounted  180°  apart  on  the  outside 
curved  surface  along  the  circumferential  center  line  of  the  cylinder.  The  sensor 
cables  were  routed  to  the  inside  of  the  cylinder  through  small  holes  near  the 
sensors.  The  signals  from  the  two  sensors  were  recorded  simultaneously  using  a 400- 
MHz  bandwidth  dual-beam  oscilloscope  which  was  mounted  inside  the  conductive 
cylinder  where  It  was  well  shielded  from  external  fields^- 

Translent  electromagnetic  fields  were  generated  on  the  exterior  of  the  mock-up 
using  a dc  spark-gap  formed  by  positioning  a 10-cm-diameter  hollow  copper  sphere  on 
an  insulating  support  at  a distance  of  approximately  3 mm  from  the  outer  cylinder 
surface  at  selected  simuated  arc  locations.  To  prevent  measurement  errors  resulting 
from  transients  radiated  from,  or  field  perturbations  caused  by  the  presence  of  the 
high-voltage  cables,  the  copper  sphere  was  connected  to  a 20-kV  power  supply  located 
4 m away,  using  special  "electromagnetically-transparent,"  high-resistance  wire  as 
shown  in  figure  7.  The  required  dc  return  path  between  the  cylinder  and  the  high- 
voltage  supply  was  provided  In  this  same  way.  Thus,  electromagnetically,  at  RF  the 
spark  source  appeared  to  be  a completely  isolated  sphere  charged  to  a high 
voltage.  The  spark  source  produces  a unidirectional  current  pulse  with  an  amplitude 
of  roughly  400  A,  and  total  duration  of  the  order  of  2 ns.  It  should  be  noted  from 
figure  6 that  the  mock-up  experiments  were  conducted  In  the  middle  of  a laboratory 
area  with  no  effort  to  shield  the  setup  from  ambient  noise. 

Some  of  the  results  of  the  satellite  mock-up  experiments  are  shown  In  fig- 
ure 8.  For  the  experiments  illustrated,  the  spark  source  was  moved  to  various 
positions  along  the  equator  of  the  "satellite"  and  the  signals  Induced  in  the  two 
sensors  were  recorded.  When  the  spark  source  is  near  sensor  II  1 (as  in  fig.  8a), 
substantial  signal  is  induced  lii  this  sensor,  and  a barely  perceptible  response  is 
Induced  in  sensor  112, 

It  should  be  noted  that  the  initial  pulse  in  Bensor  It  1 is  clearly  defined,  and 
that  it  is  uncontaminated  by  the  reflected  pulses  arriving  late  in  time.  This 
behavior  is  vastly  different  from  the  pronounced  ringing  illustrated  in  figure  5, 
when  a slender  cylinder  is  excited  by  a transient.  Thus,  the  laboratory  experiments 
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indicate  that,  satellite  electromagnetic  characteristics  are  such  that  flight  experi- 
meats  intended  to  characterise  discharge  noise  source  characteristics  in  orbit 
should  not  be  unduly  plagued  by  satellite  and  sensor  reaponnpn^  provisos  the  system 
ia  properly  designed  and  configured. 


In  figure  8b,  the  spark  noise  source  was  positioned  roughly  equidistant  from 
the  two  sensors,  and  signals  of  roughly  "qital  amplitude  are  induced  in  the  two 
systems.  Again,  it  should  be  noted  that  the  direct  signal  from  the  source  is 
clearly  defined,  and  not  contaminated  by  ringing  and  reflections  from 
discontinuities  on  the  satellite. 

in  the  course  of  these  preliminary  experiments,  the  satellite  configuration  was 
changed  to  include  a boom,  and  the  sensors  and  noise  source  wc*e  moved  to  a number 
of  different  positions.  The  resulting  responses  differed  from  ibose  presented  here, 
but  were  all  explainable  by  electromagnetic,  considerations. 


CONCLUSIONS 


By  applying  proper  electromagnetic  principles  to  sensor  design,  it  is  possible 
to  develop  systems  capable  of  responding  to  fast  transients  of  the  sort  expected 
from  spacecraft  charging.  The  form  many  Of  practical  satellites  is  such  that,  they 
will  not  unduly  contaminate  the  signals  radiated  by  spark  discharges.  Accordingly, 
it  should  be  possible  > ■>  design  flight  systems  for  the  study  of  spacecraft  discharge 
characteristics.  Finally,  a simple  satellite  mock-up  such  as  that  used  in  the 
present  experiments  is  easy  to  assemble,  inexpensive,  and  adequate  to  provide  impor- 
tant guidance  during  system  design  and  for  data  interpretation. 
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Figure  1.  - Approaches  to  transient  field  sensor  design. 
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Figure  2.  - Equivalent  circuits  of  small  electric  dipole. 
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(b)  NORTON  EQUIVALENT  CIRCUIT 
OF  MAGNETIC  DIPOLE 


Figure  3.  - Equivalent  circuits  of  small  magnetic  dipole. 


(a)  HALF-LOOP  OVER  GROUND  PLANE 


Figure  4.  - Field,  current  density,  and  short  circuit  current  relations  for 
loop  and  slot  antennas. 
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Figure  7.  - SRI  laboratory  test  of  discharge  localization  technique. 
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Figure  8.  - Sensor  responses. 
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DEVELOPMENT  OF  A CONTINUOUS  UROAD-ENERGY-SPECTRUM  ELECTRON-SOURCE* 


R.  C.  Aciamo  and  J.  E.  Nanevlcz 
SRI  International 
Menlo  Park,  California  94025 


The  primary  accomplishment  of  the  laboratory  research  program  described  herein 
has  been  the  development  of  a practical  prototype,  large-area,  continuous-spectrum, 
multienergy  electron  source  to  simulate  the  lower  energy  («L  to  30  keV)  portion  of 
the  geosynchronous  orbit  electron  environment.  The  results  of  future  materials- 
charglng  tests  using  this  multienergy  source  should  significantly  improve  our  under- 
standing of  actual-  in-orbit  charging  processes  and  should  help  to  resolve  some  of 
the  descrepancies  between  predicted  and  observed  spacecraft  materials  performance. — 


BACKGROUND 


Complex  interactions  between  a spacecraft  and  the  surrounding  space  environment 
can  cause  the  deposition  and  redistribution  of  significant  amounts  of  electrical 
charge  on  the  exterior  of  conducting  and  insulating  surfaces  and  within  exposed 
dielectric  materials  (ref.  1). 

This  naturally  occurring  phenomenon,  known  as  spacecraft  charging,  can  ad- 
versely affect  normal  system  performance  in  a number  of  ways.  For  example,  the 
resulting  local  external  static  fields  can  interfere  with  the  operation  of  electric- 
field-sensitive  instruments  and  cause  the  reattraction  and  deposition  of  contami- 
nants on  critical  thermal  control,  solar  array,  and  other  optical  surfaces.  More 
serious  effects  can  occur  if  the  electric  fields  between  adjacent  surfaces  or  within 
dielectric  materials  become  large  enough  to  produce  electrical  breakdowns  (ref.  2). 
The  electric  currents  produced  by  these  rapid  changes  in  charge  distribution  can 
cause  local  physical  damage  to  external  thermo-optical  surfaces  and  radiate 
electromagnetic  signals  of  sufficient  amplitude  to  upset  or  possibly  damage  onboard 
electronic  systems. 

Over  the  past  decade,  a substantial  effort  has  been  made  to  increase  the  avail- 
able knowledge  relating  to  the  causes  and  effects  of  spacecraft  charging,  and  the 
results  of  numerous  theoretical  studies,  laboratory  tests,  computer  simulations,  and 
limited  in-orbit-  measurements  have  been  published.  Unfortunately,  the  combination 
ox  interactions  between  actual  operational  spacecraft  and  the  real  space  environment 
is  toe  complex  to  predict  accurately  or  explain  many  observed  or  suspected  in-orbit 
spacecraft  responses,  with  confidence,  using  presently  available  techniques. 


The  work  described  here  was  sponsored  by  the  Uefense  Nuclear  Agency 
under  RDT&E  RMSS  Code  B3230  81466  G37LAXYX  00020  H2590D,  Contract 
NA0Q1-81-C-0267 . 
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To  date,  iabo;atary  simulations  of  the  charging  and  electrical-breakdown  char- 
acteristics of  typical,  spacecraft  materials  have  been  performed,  by  most  agencies, 
using  conventional  monoenergetic,  thermionic  (hoi-filament)  electron  sources  to 
simulate  the  lower-energy  (Igrs  than  40  keV),  geosynchronous-orbit  election  environ- 
ment. 


Although  thermionic  sources  are  ideal  for  many  applications,  in  general  they 
exhibit  several  practical  disadvantages  for  spacecraft  charging  studies,  including: 

• Cathode  contamination— Most  thermionic  cathodes  are  readily  contaminated  by 
outgasslng  products  from  realistic  spacecraft  material  test  samples. 

• Poor  beam  uniformity — Achieving  a large  diameter  beam  with  uniform  current 
density  is  difficult. 

• Limited  beam  diameter  at  close  range — Expanding  the  beam  from  most  thermi- 
onic sources  to  cover  a large  area  sample  at  close  range  is  also  difficult. 

• Interdependent  beam  characteristics — In  particular,  in  a simple  system, 
changing  the  beam  current  density  or  profile  requires  a complex  electro- 
static lens  system  and  a readjustment  of  lens  and  grid  voltages. 

• Filament  illumination — In  some  experiments,  undesirable  optical  radiation  from 
the  heated  cathode  can  alter  the  responses  of  the  test-sample  materials. 

Several  years  ago,  SRI  International  developed  an  alternative  type  of  electron 
source,  based  on  the  multipactor  phenomenon,  for  use  in  spacecraft  charging  studies 
(ref.  3,4).  Although  this  basic  source,  shown  schematically  in- Figure  l,  also 
produces  a monoenergic  electron  beam,  it  eliminated  many  of  the  disadvantages  of 
conventional  thermionic  systems. 

Many  independent  studies  of  the  charging  and  discharging  properties  of  space- 
craft materials  have  been  performed  using  monoenergetic  electron  sources.  Although 
the  results  of  these  independent  laboratory  tests  have  agreed  reasonably  well,  a 
number  of  discrepancies  appeared  between  the  test  results  and  actual  in-orbit  obser- 
vations of  electrical  charging  and  discharge  occurrences  on  operational  spacecraft. 

For  example,  SRI  International  discharge  detection  instrumentation  on  a DSP  satel- 
lite and  on  the  P78-2  (SCATHA)  satellite  (along  with  a full  complement  of  other 
spacecraft-charging  instruments),  has  indicated  that  electrical  discharges  (and,  in 
some  cases,  resulting  spacecraft  anomalies)  occur  at  times  when  they  would  not  be 
expected  according  to  the  results  of  laboratory  tests.  This  is  not  altogether 
surprising,  however,  since  the  theory  of  dielectric  charging  predicts  that  the  exact 
profiles  of  the  internal  charge  distributions  and,  therefore,  the  magnitudes  of  the 
internal  electric  fields  are  determined  by  the  details  of  the  Incident  electron 
energy  distribution  (ref.  5). 

Material  charging  tests  performed  using  two  separate  monoenergetic  electron 
guns  at  different  energies  have  confirmed  that,  with  just  two  discrete  energies,  the 
test  results  differ  significantly  from  those  obtained  using  a single-energy  source 
(ref.  6,7). 

The  primary  objective  of  the  laboratory  research  program  discussed  herein  has 
been  to  develop  a practical  prototype,  continuous-spectrum,  multienergy  electron 
source  to  simulate  more  precisely  a significant  portion  of  the  lower-energy  in-orbit 
electron  environment.  The  results  of  this  work  are  described  below. 
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BASIC  MULTI ENERGY  ELECTRON  SOURCE  CONCEPT 


If- 3-  beam  of  electrons  having  an  energy  of  a few  tens  of  keV  str-ikes  a thick 
metal  target*,  a portion  of  the  beam  (»lQ-20%)  will  be  backseat te red.  The  remaining 
electrons  Will  penetrate  to  various  distances  within  the  material  before  being 
stopped.  If  instead,  the  target  is  a sufficiently  thin  foil,  some  of  tie  electrons 
will  pass  completely  through  the  foil  and  emerge  with  reduced  energies.  This  pheno- 
menon has  been  used  to  modify  the  monoenergetic  multipactor  electron  gun  to  produce 
a continuous  multienergy  beam. 

Many  theoretical  and  experimental  studies  have  been  made  of  the  transmission  of 
electrons  through  thin  metal  films  (e.g.,  ref.  8-14).  Figure  2 shows  typical  energy 
distributions  of  electrons  transmitted  through  various  thicknesses  of  aluminum  and 
gold  films  with  an  incident  electron  beam  energy  of-  approximately  20  keV.  For  the 
illustrated  range  of  film  thicknesses,  each  of  the  transmitted  electrons  is  likely  to 
have  lost  some  of  its  energy  within  the  film  through  numerous  scattering  events.  As 
expected,  for  a given  material,  the  total  energy  loss  per  electron,  as  well  as  the 
percentage  of  incident  electrons  totally  lost  within  the  film,  increases  in  thicker 
films  as  a result  of  statistically  greater  number  of  scattering  events. 

Results  similar  to  those  in  Figure  2 were  obtained  in  a series  of  tests  at 
SRI.  In  these  tests,  small  samples  of  0.75-,  1-  and  2-jm  thick  aluminum  films  were 
mounted  across  a 50-mm-diameter  aperture  in  a large  aluminum  plate  which  replaced 
the  outer  accelerating  grid  of  the  monoenergetic  multipactor  source.  A simple 
standard  type  of  retarding  potential  analyzer  consisting  of  three  wire-mesh  grids 
within  a cylindrical  Faraday  cup  was  used- to  measure  the  electron  energy  spectra. 

Figure  3 shows  a few  examples  of  "typical"  electron  energy  distributions 
measured  under  various  conditions  in  geosynchronous  orbit  (ref.  15).  The  top  curve 
in  this  figure  is  the  expected  maximum.  In  these  examples,  the  in-orbit  electron 
current  density  decreases  monotonically  and  quite  rapidly  with  increasing  energy. 

In  contrast,  the  electron  currents  of  Figure  2,  produced  by  scattering  through  foils 
of  uniform  thickness,  increase  to  a maximum  at  an  energy  somewhat  below  the  incident 
beam  energy  (EQ)  and  then  decrease  more  rapidly  to  an  immeasureably  low  level  at  or 
below  Eq. 

Fortunately,  this  difference  in  spectral  form  can  be  overcome,  to  a large 
extent,  by  using  a specially  prepared  composite  foil  as  illustrated  in  Figure  4. 

The  first  composite  foils  of  this  type  were  prepared  in  steps  by  vapor  deposition  of 
gold  through  appropriate  masks  onto  commercially  available  aluminum  film  substrates. 

The  foil  illustrated  in  Figure  4,  though  not  drawn  to  scale,  combined  with  the 
spectra  in  Figure  2,  can  be  used  to  explain  qualitatively  the  basic  composite-foil 
concept  as  follows.  The  portion  of  a 20-keV  incident  beam  that  passes  through  the 
substrate  alone  will  emerge  with  an  energy  distribution  as  shown  in  the  0.74- 
pm  i ,'ectrum  in  Figure  2a.  The  portion  that  passes  through  only  one  gold  layer  will 
enter  the  substrate  with  approximately  the  0.28-pm  spectrum  in  Figure  2b  and  will 
emerge  with  its  electron  energies  further  reduced,  thus  'filling-in”  a lower  energy 
range  in  the  total  composite  spectrum.  Electrons  passing  through  both  gold  layers 
as  well  as  the  substrate  will  obviously  emerge  with  even  lower  energies. 

It  is,  in  this  way,  possible  to  "tailor"  the  overall  character  of  the  output 
energy  spectrum  through  an  appropriate  choice  of  patterns  and  thicknesses  of  addi- 
tional metal  layers  on  the  composite  foil.  Since  the  transmitted  current  density  is 
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Significantly  lower  through  the  thicker  metal  layers,  the  production  of  a relatively 
flat  or  monotonlcally  decreasing  output  energy  spectrum  requires  that  the  thicker 
metalised-  layers  cover  a larger  relative  percentage  of  the  total  foil  area. — 

A major-  advantage  of  the  multleftergy  beam  production  technique  described  above 
Is  that  the  composite  foil  is  a totally  passive  device,  and  therefore,  no  major 
modifications  of  the- monoenergetic  electron  source,  other  than- mounting  the  foil 
accross  the  exit  aperture,  are  required  for  multienergy  operation,  in  addition,  the 
energy  spectrum  of  the  source  can  be  readily  changed  by  physically  interchanging 
foils,  and,  within  a certain  range,  the  energy  ot  the  overall  spectrum  Can  le 
shifted  tip  or  down  by  changing  the  energy  of  the  incident  beam.  The  source  can  also 
easily  be  Converted  for  single-energy  operation  simply  by  replacing  the  composite 
foii-assembly  with  a standard  wlre-mesh  accelerating  grid. 

The  successful  results  obtained  in  initial,  small-scale  tests  of  the  composite 
foil  concept  formed  a promising  basis  for  the  development,  on  this  program,  of  a 
more  practical,  larger-beam-area,  multienergy  electron  gun  system.  To  accomplish 
this  effort,  however,  it  was  necessary  to  devise  new  techniques  for  fabricating  and 
mounting  the  composite  foils. 

For  example,  to  produce  a broad  output  energy  spectrum,  a significant  fraction 
of  the  input  beam  energy  must  be  absorbed  by  the  foil.  Since  metal  films  are  rela- 
tively poor  thermal  radiators,  the  resulting  heat  is  removed  mainly  by  conduction  to 
the  mounting  plate  at  the  foil  edges. 

In  initial  tests  with  a 20-keV  incident  beam  energy,  composite  foils  mounted 
across  a 50-mm-diameter  aperture  performed  satisfactorily  with  output  current  den=- 
sitles  of  10  nA/cm2  but  were  readily  damaged  by  excessive  heating  with  current 
densities  2 to  3 times  higher.  This  problem  was  subsequently  solved  by  mounting  the 
composite  foils  between  pairs  of  0.06-in. -thick  perforated  aluminum  plates  that  act 
as  heat-sinks  for  the  absorbed  power.  The  holes  in  these  plates  arc  small  enough 
(0.19-in. -diameter)  to  allow  sufficient  heat  conduction  from  the  unsupported  foil 
areas,  and  numerous  enough  (0.25  in.  between-  centers)  to  provide  a 53%  exposed  foil 
area  when  properly  aligned.  With  this  mounting  arrangement,  It  became  possible  to 
increase  the  overall  transmitted  current  density  by  at  least  a factor  of  five,  with 
no  detectable  foil  damage.  In  addition,  the  protection  and  support  provided  by 
these  mounting  plates  makes  handling  and  installation  of  the  foils  considerably 
easier. 

It  was  originally  planned  that  larger  area  aluminum  foils  of  this  same  thick- 
ness (0.75  pm)  would  be  used  as  the  basic  composite  foil  substrate.  However,  upon 
careful  examination,  each  of  the  available  unused  50-  and  75-mm-square  foils  was 
found  to  contain  a number  of  small-  pinholes.  Subsequent  discussions  with  the  manu- 
facturer of  these  foils,  and  with  another  foil  supplier,  indicated  that  it  is  not 
practical  to  produce  such  "large-area"  foils  of  this  thickness  that  are  pinhole- 
free.  These  pinholes,  if  not  covered  by  the  mounting  plates,  would  allow  some 
uncontrollable,  small  portion  of  the  incident  beam  to  pass  through  the  foil  with 
little  or  no  reduction  in  current  density  or  energy. 

As  a result  of  this  discovery,  the  electron  transmission  properties  of  several 
alternative  thin-fllm  materials,  known  to  be  available  in  larger-area  sheets,  were 
measured  in  an  attempt  to  identify  a more  suitable  pinhole-free  substrate  material. 
These  measurements  were  made  using  a scanning  electron  microscope  (SEM)  with  incident 
beam  energies  ranging  from  20  to  40  keV.  With  this  Instrument  it  was  possible  both 
to  measure  total  electron  transmission  ratios  and  to  examine  the  material  samples 
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for  pinholes.  It  wan  quickly  determined  that  the  available  pure  metar  foils  that 
were  thick  enough  to  be  pinhole-f ree  were  too  think  to  transmit  the  required  elec-’ 
tr-on  currents.  However,  the  materials  tested  also  Included  several  thicknesses  of 
Kapton,  Teflon,  and  Mylar  films  with  thin  aluminum,  gold,  or  silver-  coatings  on  Une  or 
both  sides.  Several  of  these  materials,  normally  manufactured  for  use  as  thermal-’ 
control-  snr-faces  on  spacecraft,  were  found  to  transmit  a reasonable  fraction  of  the 
incident  beam  current.  In  addition,  these  materials  arc  available  in  large  sheete 
and  are  considerably  less  expensive  and  easier  to  handle  than- the  previously  em- 
ployed thin  metal  foils. 

The  transmission  measurements  obtained  with  polymer-  samples  having  metalll" 
station  on  one  side  only  were  not  as  repeatable  as  those  obtained  with  similar 
samples  metallized  on  both  sides.  This  effect  is  most  probably  due  to  variations  in 
the  internal  and  external  electric  fields  produced  by  the  buildup  of  charge  on  and 
within  the  exposed  dielectric  surface.  Further  tests  were  therefore  confined  to 
polymer  films  with  both  sides  metallized,  since  both  of  the  outer  metal  layers  can 
then  be  electrically  grounded  to  eliminate  external  electric  fields.  It  is  also 
likely  that  the  additional  thermally  conductive  path  provided  by  the  second  metal- 
lized surface  increases  the  foill-s  power-handling  ability. 

Of  the  materials  tested,  Teflon  was  found  to  be  the  most  Susceptible  to  thermal 
damage.  Mylar  films  performed  somewhat  better,  with  transmission  efficiencies  of  up 
to  70%  in  a 30-keV  incident  beam,  but  suffered  Increasing  thermal  degradation  during 
relatively  short  periods  of  operation  with-  input  current  densities  of  a few  pA/un2 

The  candidate  substrate  materials  also  included  7. 5- pm-  thick  aluminum-coated 
and  12. 7- pm-  thick  gold-coated  Kapton  foils.  The  metal  layer  on  each  side  of  these 
foils  was  approximately  100  nm  thick.  In  a 31-keV  beam,  these  materials  transmitted 
50%  and  25%,  respectively,  of  the  20-pA/cm2  incident  beam  current  with  no  noticeable 
damage . 

Doubly  aluminized  7.5-pm  Kapton  film  was  selected  as  the  most  appropriate 
composite-foil  substrate  material  for  the  final  tests  on  this  program,  due  both  to 
its  higher  electron  transmission  efficiency  and  because  it  is  less  expensive  and 
more  readily  available  than  gold-coated  Kapton  film. 

The  final  composite-foil  configuration  developed  on  this  program  is  illustrated 
in  Figure  5.  This  figure  (not  drawn  to  scale)  shows  the  pair  of  polished  aluminum 
mounting  plates  that  serve  as  a heat  sink  for  the  beam  power  absorbed  by  the  foil. 

The  actual  metallization  pattern,  which  differs  from  the  pattern  in  Figure  5, 
was  formed  by  depositing  pairs  of  almost  completely  overlapping  10-mm-wide,  0.2-um  - 
thick  silver  stripes  on  a 12-cm-square  aluminized  Kapton  substrate,  with  approxi- 
mately 1-mm  gaps  between  each  pair  of  overlapping  stripes.  This  pattern  results 
in  0.4-pm  and- 0.2-um  silver  layers  covering  approximately  75%  and  17%,  respectively, 
of  the  total  foil  area,  thus  leaving  approximately  8%  of  the  aluminized  substrate 
exposed. 

The  measured  electron  energy  spectrum  produced  by  this  particular  composite 
foil  Is  shown  in  Figure  6.  A "typical"  electron  energy  spectrum  measured  during  a 
geomagnetic  substorm  by  the  ATS-5  spacecraft  in  synchronous  orbit  (ref.  16)  is  also 
shown  in  this  figure,  for  comparison.  Since,  with  an  Incident  electron  beam  energy 
of  33  keV,  the  overall  transmission  efficiency  of  this  composite  foil  is  approxi- 
mately 4%,  an  input  current  density  of  250  nA/cm2  Is  required  to  produce  a total 
output  current  density  of  10  nA/cm2. 
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The  largest  Substrate  foil  Size  that  could  be  conveniently  processed  In  the 
vapor  deposition-  system  available  for  use  on  this  program  was  a 12-cm  square.  As  a 
result the  maximum  exit  diameter  of  the  mulflenergy  beam  was  limited  to  approxi- 
mately 10  cm.  The  aluminized- Kapton  film  used  as  the  substrate,  however,  Is  rou- 
tinely manufactured  in  100- ft  rolls,  with  widths  of  up-to-3  ft.  For  most  practical 
applications,  the  multienergy  beam  diameter  is  therefore  limited  mainly  by  the-slze 
and  total  current  capacity  of  the  input  current  source 

(35  -cm  diameter  iu  the  present  system)  and  by  the  maximum  usable  dimensions  of  the 
metal  deposition  system  used  to  fabricate  the  composite  foil. 


CONCLUSION 


The  simulation  of  the  medium  energy  (»1  to  40  keV)  portion  of  the  geosynchro- 
nous orbit  electron  environment  for  material  and  spacecraft  testing  requires  a 
relatively  large-area,  uniform  electron  beam  with  a total  current  density,  at  the 
test  object,  of  10  nA/cm2  or  leas  and,  if  possible,  a realistic  distribution  of 
electron  energies.  This  program  has  resulted  in  the  design  and  construction  of  an 
electron  source  that  meets  these  requirements. 

When  operated  in  a monoenergetic  mode,  this  source  produces  exit  current  densi- 
ties Of  up  to  ?.0  nA/cm2  at  beam  energies  up  to  40  keV.  A control  grid  permits 
adjustment  of  the  beam  current  density  over  a range  from  20  yA/crt2  to  less 
than  0.1  nA/cm2  . 

In  comparison  with  other  types  of  electron  sources  used  for  spacecraft  charging 
studies,  the  multlpactor  source  is  physically  simple  and  easy  to  fabricate,  produces 
minimal-external  electric  fields,  and  is  less  susceptible  to  cathode  contamination. 

In  addition,  the  basic  monoenergetic  multlpactor  source  produces  a large-area 
electron  beam  directly,  without  complex  electrostatic  lenses,  so  that  the  beam 
characteristics  are  relatively  independent  of  accelerating  voltage. 

The  major  achievement  of  this  program  is  the  further  development  of  the  compos- 
ite scattering  foil  technique  for  converting  a monoenergetic  electron  beam  to  one 
containing  a continuous,  broad  range  of  electron  energies. 

The  electron  energy  spectrum  in  Figure  6 is  just  one  example  of  a wide  range  of 
spectra  that  could  be  obtained  using  other  foil  configurations.  The  illustrated 
spectrum  was  produced  with  an  incident  33-keV  monoenergetic  beam.  For  a given  foil, 
the  overall  output  energy  range  can,  to  some  extent,  be  shifted  up  or  down  by  chang- 
ing the  input  beam  energy. 

The  total  output  beam  current  density  (i.e..  Integrated  over  the  entire  energy 
spectrum)  is  determined  by  the  foil  characteristics  and  by  the  energy  and  current 
density  of  the  input  beam.  Since  a large  percentage  of  the  incident  beam  power  is 
absorbed  by  the  foil,  the  maximum  practical  output  current  density  is  limited  by  the 
ability  of  the  foil  and  Its  mounting  to  dissipate  heat.  With  the  present  foil- 
mounting configuration,  continuous  operation  for  several  hours  with  an  output  cur- 
rent density  of  40  nA/cm2  produced  no  noticeable  foil,  damage. 

The  basic  monoenergetic  multlpactor  source  is  ideally  suited  for  conversion  to 
multienergy  operation,  since  the  composite-foil  assembly  can  be  mounted  directly 
across  the  large-area  exit  aperture,  thus  forming  a single  compact  unit.  In  priii- 


clple,  however,  the  composite-foil  technique  could  be  used  w^th  a conventional 
thermionic  electron  source  by  mounting  the  foil  asseriibly  at  an  appropriate  distance 
from  the  source  in  the  diverging  monoenergetic  beam. 


SUGGESTED  APPLICATIONS  AND  FURTHER  DEVELOPMENT 


The  basic  monoenergetie  multipactor  electron  source  e at  L*s  used  in  place  n i a 
conventional  thermionic  source  in  single-energy,  matorial-cmarging  studies  a.?d  in 
support  of  simp!  fir  1 analytical  and  modeling  efforts.  The  large-area,  column ted 
electron  beam  produced  at  the  exit  aperture  makes  it.  possible  to  irradiate  r.o 
tivcly  large  targets  at  short  range  in  a small  vacuum  chamber-  test  facility. 

Although  the  present  source  produces  a beam  of  circular  cross-section  for 
special  applications,  it  is  possible  to  change  the  shape  of  the  output  beam  by 
placing  a mask  over  the  exit  aperture  or  by  fabricating  a similar  system  with  a 
noncylindrical  geometry.  Because  of  the  overall  mechanical  and  electrical  simpli- 
city of  the  multipactor  electron  source  contvpt,  ma'ij'  design  configurations  are 
possible  and  can  be  fabricated  using  readily  available,  basic  shop  materials. 

Earlier  experiments  at  SRI  indicate  that,  w7**  «ome  simple  modifications,  it 
should  be  possible  to  convert  the  basi"  >nult.-  nte’  or  system  from  an  electron  source 
to  an  ion  source.  In  these  expetJsz-  ■ nitrogen  gas  was  irjected  at  a low  rate 
into  the  multipactor  regior.,  boswoen  dje  cathode  plates.  The  gas  was  thereby  ionized 
by  multiple  collisions  with  the  oscillating  electron  cloud,  and  the  resulting  posi- 
tive ions  were  extracted  by  -eversing  the  polarity  of  the  high-voltage  accelerating 
power  supply.  Although  few  quantitative  measurements  were  made  in  these  early 
tests,  it  appears  that,  with  some  further  development,  the  basic  multipactor  system 
could  serve  as  a practical  source  of  both  ions  and  electrons.  In  addition  to  its 
usefulness  in  spacecraft  charging  studies,  the  multipactor  electron  or  ion  source 
may  have  applications  in  a variety  of  material-processing  applications. 

The  development  of  the  continuous  multienergy  electron  beam  generation  tech- 
nique is  a major  advance  in  our  ability  to  simulate  more  realistically  the  lower- 
energy,  in-orbit  electron  environment.  The  results  of  future  materials-charging 
tests  using  this  multienergy  source  should  significantly  improve  our  understanding 
of  actual  in-orbit  charging  processes  and  should  resolve  some  of  the  discrepancies 
between  predicted  and  observed  spacecraft  materials  performance. 
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Figure  1.  - Present  multipactor  electron  source  (schematic). 
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Figure  2.  - Energy  distributions  of  electrons  transmitted  through  thin  metal 
films. 
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Figure  3 
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Figure  4.  - Composite-foil  concept 
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Figure  5.  - Multiple-layer  composite  film 
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Figure  6.  - In-orbit  and  simulated  electron  spectra 
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AUTOMATIC  CHARGE  CONTROL  SYSTEM  FOR  SATELLITES 


8.  M.  S Human  and  H.  A.  Cohen 
Air  Force  Geophysics  Laboratory 
Hanscom  Air  Force  Base,  Massachusetts  01731 


SCATHA  as  well  as  the  ATS-5  and  -6  spacecraft  have  provided  some  answers  and 
insights  to  the  problem  of  spacecraft  charging  at  geosynchronous  altitudes.  In 
particular  they  have  indicated  the  approach  to  reducing  the  levels  of  both  absolute 
and  differential  charging  — namely,  by  the  emission  of  low  energy  neutral  plasma. 
It  is  now  appropriate  to  complete  the  transition  from  experimental  results  to  the 
development  of  a system  that  will  sense  the  stat e-o f-charge  of  a spacecraft,  and, 
when  a predetermined  threshold  is  reached,  will  respond  automatically  to  reduce 
it.  The  Air  Force  is  embarking  on  such  a development  program,  utilizing  sensors 
comparable  to  the  proton  electrostatic  analyzer,  the  surface  potential  monitor, 
and  the  transient  pulse  monitor  that  flew  in  SCATHA,  and  combining  these  outputs 
through  a microprocessor  controller  to  operate  a rapid-start,  low  energy  plasma 
source.  A flight-ready  system  should  be  available  for  spacecraft  integration  by 
1983. 


INTRODUCTION 


This  paper  is  by  way  of  announcing  the  Air  Forceps  intent  to  carry  out  the 
technology  transition  from  SCATHA  to  the  next  logical  phase  — namely,  the  devel- 
opment of  an  automatic  charge  control  system  for  spacecraft.  The  problem  of 
spacecraft  charging  as  a potential  hazard  for  Air  Force  satellites  operating  in 
deep  space  has  been  recognized  now  for  just  over  a decade.  The  buildup  of  space- 
craft charge  and  its  subsequent  discharge,  particularly  at  geosynchronous  orbit, 
can  limit  the  performance  and  operational  lifetime  of  satellites.  The  arcs  gen- 
erated in  this  fashion  can  couple  into  the  command  and  data  lines  of  the  spacecraft 
causing  spurious  signals,  triggering  erratic  commands,  and  destroying  solid-state 
electronics.  The  SCATHA  satellite,  which  was  dedicated  solely  to  this  problem, 
was  launched  to  near  geosynchronous  orbit  with  a full  rangs  of  sensors  (ref.  1)  to 
determine  the  spacecraft  state-o f-c harge  as  well  as  the  background  conditions  in 
space  when  the  charging  occurred.  Also  on  board  were  the  AFGL  active  experiments, 
the  electron  gun  and  the  SFIBS  positive  ion  gun,  which  could  be  used  to  swing  the 
potential  of  the  satellite  either  positive  or  negative  on  command.  One  of  the 
alternate  operating  nodes  of  the  SPIB5  ion  gun  was  as  a neutral  plasma  source,  and 
that  proved  to  be  the  safest  and  most  effective  method  of  reducing  both  absolute 
and  differential  charging  on  the  satellite  (ref.  2).  These  SCATHA  results,  as  well 
as  those  from  the  NASA  ATS-6  satellite  using  a cesium  plasma  bridge  neutralizer 
(ref. 3),  have  shown  that  a charged  spacecraft,  and  the  dielectric  surfaces  on 
it,  could  be  safely  discharged  by  emitting  a very  low  energy  (<  50  eV)  neutral 
plasma  — in  effect  "shorting"  the  spacecraft  to  the  ambient  plasma  before  dangerous 
charging  levels  could  be  reached.  This  technique  forms  the  basis  for  our  Flight 
Model  Discharge  bystem  (FMDS),  which  is  to  be  an  active  charge  control  system 
for  satellites  that  will  operate  automatically  in  space. 
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SYSTEM  DESCRIPTION 


Much  of  the  development  of  the  FMDS,  particularly  with  regard  to  the  state- 
of-charge  sensors,  follows  directly  from  the  SCATHA  technology*.  A block  diagram 
of  the  system  Is  shown  In  figure  1.  The  heart  of  the  system  Is  the  low  energy 
plasma  source.  The  major  change  from  its  SCATHA  predecessor  is  that  it  must  be 
capable  of  a simple  and  rapid  start-up  — responding  within  ten  seconds.  The 
microprocessor  controller  will  be  the  "bratns"~of  the  system,  interpreting  the 
three  different  charging  sensor  outputs,  and  "deciding”  when  to  turn  on  the  plasma 
source.  The  electrostatic  analyzer  (ESA)  will  detect  incoming  protons  in  different 
energy  channels  to  provide  a measure  of  the  absolute  charging  of  the  spacecraft. 
Since  a negatively  charged  satellite  will  accelerate  ambient  protons  up  to  its 
potential,  the  lowest  energy  channel  at  which  sizeable  fluxes  of  protons  are 
detected  would  correspond  to  the  absolute  charging  level  of  the  spacecraft 
(i.e.-  relative  to  the  ambient  plasma  in  space).  The  surface  potential  monitor 
will  measure  the  differential  spacecraft  charging  (i.e.  the  potential  developed 
on  insulating  surfaces  relative  to  spacecraft  frame  ground).  Essentially,  the 
back  surface  voltage  of  a dielectric  sample  (i.e.  kapton,  teflon,  etc.)  is  measured 
with  an  electric  field  sensor,  and  that  in  turn  is  translated  into  a front  surface 
potential  by  means  of  a prior  vacuum  chamber  calibration.  The  transient  pulse 
monitor  will  detect  arc  discharges  occurring  on  the  external  surfaces  of  the 


TELEMETRY 

SYSTEM 


Figure  1.  - Flight  model  discharge  system 


spacecraft  by  measuring  the  radiated  eiectomagnetic  noise  pulses.  The  pulse 
Characteristics  should  provide  the  means  of  discriminating  between  arc  discharges 
and  spacecraft-generated  noise.  The  combination  of— these  three  different  sensors 
should  provide  a good  indication  of  the  state  of  spacecraft  charging,  but  any 
one  alone  (by  exceeding  a preset  threshold  level)  will  be  able-,  via  the  controller, 
to  activate  the  plasma  source  and  reduce  the  charging. 

Considering  each  of  the  components  in  somewhat  more  detail,  we  come  back  to 
the  plasma  source.  This  will  produce  a low  energy  (<5G  eV)  neutral  plasma  Where 
the  ions  are  derived  from  a noble  gas.  Xenon  Was  chosen  as  the  active  source  for 
the  SPIBS  experiment  on  SCATHA,  and  Would  he  a likely  choice  here  as  well.  The  ion 
current  levels  would  be  selectable  by  remote  command  — 10  u A,  100  p A,  or  1mA. 

On  SCATHA,  SPI3S  discharged  the  vehicle  from  a potential  of  -3kV  using  as  little  as 
6 v A of  current.  The  plasma  source  will  be  simpler  than  SPI8S  in  that  neither 
multi-energetic  positive  ion  beams  nor  electron  beams  will  be  required.  However, 
the  activation  process  must  be  far  simpler  and  quicker  than  for  SPIBS  since  it  will 
be  turned  on  automatically  by  the  controller,  and  must  be  capable  of  responding 
within  ten  seconds.  The  plasma  source  will  have  the  capability  for  1200  hours  of 
operation  in  space,  with  at  least  1000  on-off  cycles.  This  is  expected  to  be  more 
than  enough  to  operate  for  three  years,  with  a large  Safety  factor  besides.  There 
will  be  monitor  outputs  to  telemetry  for  plasma  current  flow,  remaining  gas 
supply,  command  status,  and  other  diagnostics.  Provisions  will  be  made,  as  was 
the  case  for  SPIBS,  for  a vacuum  enclosure  around  the  plasma  source  to  allow  for 
operation  during  spacecraft  integration  checks.  The  weight  of  the  plasma  source 
will  be  less  than  10  pounds,  and  the  power  required  for  operation  will  be  less  than 
10  watts. 

The  proton  electrostatic  analyzer  will  measure  the  incident  proton  spectra  in 
the  energy  range  from  less  than  100  eV  to  20  ReV.  It  will_be  simpler  than  the  ESAs 
used  bn  SCATHA  since  it  will  require,  as  a minimum,  only  eight  incremental  energy 
channels,  with  maximum  channel  energies  (i.e.  upper  edge  of  full  width  at  half  maxi- 
mum [FWHM] ) nominally  set  at  100  eV,  200  eV,  500  eV,  1 KeV,  2 KeV,  5 KeV,  10  KeV, 
and  20  KeV.  The  energy  channels  will  be  adjacent,  and  with  a minimum  of  overlap  at 
FWHM  — not  more  than  2%  of  the  channel  central  energy.  The  algorithms  developed  by 
Spiegel  (ref.  4)  to  allow  for  automated  Interpretation  of  the  ESA  data  depend  criti- 
cally on  the  energy  Channels  being  sharply  defined.  The  sweep  period  for  the  ESA 
to  sample  all  channels,  which  determines  the  time-scale  for  the  detection  of  space- 
craft charging,  will  be  selectable  by  external  command  — 1 second,  5 seconds,  or 
10  seconds.  The  ESA  will  include  a sun  sensor  to  reduce  electron  multiplier  gain 
when  the  Instrument  looks  toward  the  sun,  and  also  a control  grid  to  prevent  the 
low  energy  (<  50eV)  ions  from  the  on-board  plasma  source  from  being  counted.  There 
will  also  be  available,  by  external  command,  the  possibility  Of  changing  the  bias 
voltage  of  the  electron  multiplier  detector  in  order  to  offset  the  effects  of  de- 
gradation, and  to  extend  its  operating  lifetime  in  space.  The  weight  of  the  ESA 
will  be  less  than  5 pounds,  and  the  power  requirement  will  be  less  than  1 watt. 

The  surface  potential  monitor  will  measure  the  back  surface  voltage  of  a 
dielectric  sample  as  In  the  SCATHA  SC-1  experiment.  The  surface  potential  and 
polarity  will  be  determined  once  per  second,  and  will  include  the  range  100  volts 
to  20  kilovolts.  The  Instrument  will  use  two  different  dielectric  samples  In 
flight.  These  will  be  chosen  prior  to  flight  from  a previously-calibrated  selection 
of  at  least  six  different  samples  of  "typical  satellite  dielectric  surfaces"  such 


as  aluminized  kapton,  silvered  teflon,  fused  silica  cover  glass,  etc.  Weight  and 
power  for  the  instrument  should  be  less  than  3 pounds  and  2 watts,  respectively. 

The  transient  pulse  monitor  (TPM)  will  detect  arc  discharges  occurring  on 
the  external  surfaces  of  the  spacecraft  by  measuring  the  radiated  electromagnetic 
noise  pulses  with  an  externally  mounted  dipole  sensor.  Similarly  to  the  SlU 
instrument  on  SCATHA,  it  will  record  the  number  of  pulses  counted  over  each  one- 
second  interval;  also  the  maximum  pulse  amplitude  (both  positive  and  negative) 
occurring  over  that  interval,  and  the  integral  of  the  signal  (both  positive  and 
negative)  over  the  interval.  It  will  determine  pulse  width,  with  the  capability 
of  detecting  pulses  from  10  nanoseconds  to  10  microseconds.  It  will  also  accomo- 
date amplitudes  of  electric  field  strength  from  10  kilovolts/neter  down  to  10 
volts/meter.  Multiple  threshold  levels,  selectable  by  external  command,  will  be 
provided  to  determine  the  minimum  signal  level  above  which  pulses  will  be  record- 
ed. Multiple  attenuator  levels,  to  determine  the  overall  gain  of  the  system, 
will  also  be  selectable  by  external  command.  Protection  will  be  provided  against 
ringing  by  incorporating  a dead  tine  that  will  limit  pulse  counts  to  once  per 
millisecond.  One  phase  of  the  calibration  of  the  transient  pulse  monitor  will 
include  the  detection  of  simulated  spacecraft  arc  discharges  — such  as  may  be 
induced  in  a vacuum  chamber  by  bombarding  a typical  spacecraft  thermal  control 
material  with  energetic  electrons.  The  weight  and  power  requirements  for  this 
instrument  Should  be  less  than  3 pounds  and  3 watts,  respectively. 

The  controller  will  be  the  nerve  center  and  coordinator  of  autonomous 
operation  of  the  charge  control  system.  It  will  accept  inputs  from  the  state-of- 
charge  sensors  (i.e.  the  proton  ESA,  the  surface  potential  monitor,  and  the 
transient  pulse  monitor),  interpret  the  sensor  data  based  on  previously  stored 
algorithms,  determine  when  pre-established  threshold  levels  of  charging  have  been 
met  and  then  activate  the  plasma  source,  and  finally,  turn  off  the  plasma  source 
when  the  spacecraft  has  been  discharged.  Once  activated  by  the  controller,,  the 
plasma  source  will  remain  operating  for  a fixed  time  period.  That  time  period 
will  be  selectable  by  remote  command,  and  will  include  the  nominal  intervals  of 
5,  10,  30,  and  60  minutes.  The  threshold  levels  at  which  the  plasma  source  will 
be  activated  will  also  be  selectable  by  external  command,  and  will  include  at 
least  the  (absolute  and  differential)  potential  levels  200,  500,  1000,  and  2000 
volts.  Indications  of  spacecraft  arcing,  as  determined  by  the  TPM  will  also 
cause  the  plasma  source  to  be  activated-  The  algorithm  for  determining  the 
occurrence  of  spacecraft  arcing  from  the  TPM  data  will  have  the  capability  of 
being  modified  in-flight  by  external  command  so  that  it  will  not  respond  to  the 
normal  background  level  of  electromagnetic  noise  from  the  spacecraft  itself.  As 
a safety  measure,  the  controller  will  also  incorporate  the  capability  for  external- 
command  override  cf  the  operation  of  the  plasma  source  --  for  turn-on,  turn-off, 
and  current  level  settings.  Finally,  the  controller  will  contain  sufficient 
excess  capacity  to  accomodate  an  additional  sensor  input,  if  that  should  turn  out 
to  be  desirable  at  some  future  date.  Allotting  approximately  5 pounds  and  3 
watts  for  the  controller  brings  the  system  totals  for  weight  and  operating  power 
(with  the  plasma  source  on)  to  26  pounds  and  19  watts.  System  power  requirements 
with  the  plasma  source  not  operating  will  be  9 watts. 

We  expect  the  development,  fabrication,  and  test  of  the  charge  control  system 
to  take  approximately  four  years,  so  that  it  would  be  available  for  spacecraft 
integration  in  1988.  Our  present  plan  is  to  test-fly  the  system  on  a polar- 


480 


orbiting  Space  Shuttle,  along  with  other  AFGt-spansored  experiments.  The  ultimate 
test  of  the  aysten  will  require  a flight  at  geosynchronous  orbit,  which  Is  the 
regime  this  system  In  primarily  designed  for  and  where  It  will  be  of  most  value. 
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DISCHARGE  PULSE.  PHENOMENQLQGY- 


Arthur  H.  Ffederickson 
Rome  Mr  Development  Center 
Hanscom  Air  Force  Base,  Massachusetts  01731 


A model  Is  developed  which  places  all  of  the  published  radiation  induced  discharge 
pulse  results  Into  a unified  conceptual  framework.  Only  two  phenomena  are  required 
to  interpret  all  space  and  laboratory  results: 

a)  Radiation  produces  large  electrostatic  fields  inside  insulators  via  the 
trapping  of  a net  space  charge  density,  and 

b)  The  electrostatic  fields  initiate  discharge  streamer  plasmas  similar  to 
those  investigated  in  high  voltage  electrical  insulation  materials;  these 
streamer  plasmas  generate  the  pulsing  phenomena  which  have  been  seen  by 
many  workers. 

The  apparent  variability  and  diversity  of  results  seen  to  date  in  space  and  labor- 
atory experiments  is  an  inherent  feature  of  the  plasma  Streamer  mechanism  acting  in 
the  electric  fields  Which  were  created  by  irradiation  of  the  dielectrics.  The 
implications  of  the  model  are  extensive  and  lead  to  constraints  over  what  can  be  done 
about  spacecraft  pulsing. 


INTRODUCTION 

At  first  look  one  is  struck  by  the  diversity  of  pulsing  results  reported  on 
spacecraft  and  ground  testing  of  irradiated  dielectrics.  A new  vocabulary  has  been 
developed  in  this  community  (blowoff,  bulk  pulsing,  punchthrough,  surface  discharge, 
brushfire,  bi-layer,  charged-surface,  floating-conductors,  breakdown-potential) 
which  may  be  responsible  for  unnecessarily  increasing  the  diversity  of  results. 

Until  recently,  experimenters  were  hindered  by  the  facts  that  the  field  of  investiga- 
tion was  Still  young  and  that  apparently  new  observables  kept  appearing.  One  experi- 
menter would  observe  flashes  of  light,  another  would  see  a potential  drop,  another 
measured  pulses  of  current,  still  others  observed  microdamage  after  the  irradiation 
emission  of  ions,  emission  of  energetic  electrons,  area-charge  scaling,  lack  of 
pulsing  under  certain  spectra,  cessation  of  pulsing  under  continued  irradiation, 
pulses  of  opposite  sign,  etc.,  etc. 

For  the  past  decade  I have  been  correlating  the  occurrence  of  pulses  with 
radiation  generated  electric  fields  in  the  bulk  of  irradiated  insulators.  Electrical 
insulation  breakdown  and  prebroakdown  events  are  usually  (ref  1,2)  related  to  an 
applied  electric  field  strength.  We  find  that  irradiated  polymers  begin  pulsing  when 
the  estimated  radiation  induced  electric  field  exceeds  100  kV/cm  (ref  3).  In  the 
process  of  reviewing  (ref  4)  the  spacecraft  charging  literature  1 concluded  that 
whenever  pulses  were  observed,  the  irradiation  had  produced  internal  space  charge 
densities  large  enough  to  create  fields  in  excess  of  10*>  V/cm  within  the  dielectric. 
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Researchers  in  the  field  of  electrical  insulation  have  consistently  divided 
the  phenomenon  of  breakdown  Into  two  parts:  Prehreakdown  and  breakdown  (full  permanent 
failure).  So  far  It  appears  Co  me  that  we  see  only  the  prebreakdown  phenomena  in  our 
space  radiation  situation.  Tf  one  applies  an  electric  field  in  excess  of  10^  V/ cm 
to  a solid  dielectric,  then  random  and  very  small  current,  pulses  are  observed  which 
are  called  prebreakdown  events.-  These  pulses  are  associated  with  flashes  of  light 
and  very  small  discharge  streamers  which  last  on  the  order  of  nanoseconds  or  less. 

The  insulator  does  not  fail  even  after  the  occurrence  of  thousands  of  prehreakdown 
pulses.  Such  pulses  are  sometimes  thought  to  he  due  to  the  failure  of  very  small 
weak  spots  or  the  discharge  of  mlerovolds  within  the  solid.  I am  not  aware  of  one 
complete  reference  to  this  phenomenon  hut  there  are  manv  papers  dealing  with  various 
aspects  of  it  in  the  electrical  insulation  literature.  Reference  2,  the  TERH 
Transactions  on  electrical  Insulation,  and  the  annual  proceedings  of  the  Conference 
on  Hlec.tr leal  Insulation  and  Dielectric  Phenomena  (IKKH  sponsored)  are  good  starting 
points.  Prehreakdown  phenomena  Is  a rapidly  growing  research  field  which  contains, 
in  my  opinion,  some  exciting  solid  state?  physics  problems. 

In  this  paper  we  show  how  all  the  spacecraft  charging  results,  both  ground  and 
space  results,  can  he  explained  by  the  mechanism  of  electric  field  generated  pre- 
breakdown streamer  channel  formation.  The  electric  fields  are  due  to  either  applied 
voltages  in  dielectrics,  or  to  radiation  generated  space  charge  electric  fields,  or 
to  a combination  of  the  two.  The  streamer  formation  is  a quantum  mechanical  many- 
body  process  which  is  only  recently  being  attacked  with  appropriate  tools;  Its 
existence  is  observed  but  not  understood.  These  processes  "explain"  all  spacecraft 
effects  including:  area  scaling,  pulse  height,  pulse  width,  pulsing  frequency, 

radiation  spectrum  dependencies,  microwave  emission,  surface  discharging,  hulk 
pulse  characteristics,  fibrous  material  discharging,  correlations  (or  lack  of) 
with  surface  potential,  light  flashes,  edge  effects,  emission  of  ions  and  electrons, 
etc. 


RADIATION  GENERATED  E FIELDS 


Estimates  of  radiation  generated  electric  fields  in  dielectrics  are  available 
(ref  3,5-8)  but  only  a few  good  measurements  have  been  made.  The  measurements  are 
difficult  and  actually  measure  charge  density  (ref  9,10)  not  electric  field.  The 
electric  fields  are  obtained  from  the  charge  density  by  use  of  Poisson's  equation. 

One  excellent  review  (ref  11)  is  available  which  surveys  most  of  the  existing 
charge  density  work  and  is  a good  introduction  to  the  literature.  The  literature 
on  this  topic  is  extensive  but  does  not  answer  the  critical  engineering  question 
"Given  a particular  dielectric  device  under  various  broad  radiation  spectra  what 
electric  fields  are  generated?"  Most  of  the  cases  that  have  been  discussed  involve 
monoenergetic  electron  beams  and  short  total  irradiation  times  (<10s  rads  total 
doSe).  A few  cases  address  the  question  of  broad  spectra  but  then  simplify  the 
modeling  to  assume  no  electronic  conduction  occurs  in  the  electric  field. 

Photon  irradiations  simulate  the  broad  energy  spectrum  situation  because 
photon  spectra  themselves,  as  well  as  the  excited  electrons  generated  by  each 
monoenergetic  portion  of  the  photon  spectrum,  are  often  broadly  distributed  in 
energy.  Calculations  indicate  that  photons  from  10  KeV  to  2 MeV  produce  electric 
fields  of  nearly  10^  V/cm,  (ref  7,12)  in  most  practical  geometries.  Only  for  the 
case  of  slabs  surrounded  by  very  thick  layers  (>l  electron  range)  of  identical  atomic 
number  material  do  we  find  field  strengths  below  10^  V/cm  in  photon  irradiated 
solid  insulators.  Photon  beams  produce  a net  charge  deposition  somewhere  in  irradi- 
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atPil  solids  by  a number  of  processes  depending  on  photon  energy  but  one  process 
always  occurs;  the  attenuation  of  the  photon  henm  rpotilts  In  a concentration  gradient 
of  highly  excited  elect  renin  winch  then  diffuse  and  "pile  up"  In  the  more  wealfly 
irradiated  fpglnhn,  and  thin  process  will  generate  J0-*  V/cw  fields  In  most  good 
solid  insulators.  Other  processes  produce  much  larger  fields  In  photon  Irradiated 
sol  ids. 

It  ia  possible  to  conceive  of  an  irradiated  solid  which  does  not  develop  net 
spatial  charging.  A radto.icH vPly  doped  Insulator  with  uniform  doping  profile 
would  not  ctirtrge,  hut  such  a device  would  not  he  practical  Iri  electrical  application 
since  electrodes  or  surfaces  remove  the  uniform  doping  constraint  and  create  largo 
fields  near  the  electrodes  or  near  the  surfaces.  1 have  not  encountered  a practical 
dielectric  device  which  will  not  charge  with  strong  K fields.  The  H fields  are 
usually  strongest  near  electrodes  or  near  surfaces  and  edges  and  are  produced 
partly  by  the  divergence  of  the  high  energy  electron  currents  (or  by  their  flux 
gradients)  near  the  surfaces  and  electrodes. 

In  practical  devices  only  conduction  processes  will  prevent  the  accumulation 
of  excess  charge  to  levels  where  K exceeds  lO1*  V/CM.  basically,  all  highly  excited 
(>lfl  GV  above  conduction  hand)  electrons  are  stopped  in  sol  it, s with  more  than  1<)5 
V/cm  stopping  power  and  in  the  absence  of  conduction,  this  process  of  stopping 
electrons  is  the  field  limiting  factor:  if  the  electric  field  exceeds  the  stopping 

power  of  the  solid,  then  the  excited  electrons  would  be  accelerated  out  of  the 
solid  until  the  resulting  field  strength  decreased  to  the  stopping  power.  Tn 
reality,  for  the  exposure  rates  expected  in  space  (<10^  roentgeus/second)  it  is  the 
radiation  induced  conductivity  and  the  dark  conductivities  which  are  the  parame-ters 
which  most  strongly  control  the  electric  field  strengths. 

One  can  make  changes  in  the  incident  radiation  spectrum  until  one  is  "blue  in  the 
face"  and  only  insignificant  changes  in  peak  E field  will  result.  In  the  highly 
insulating  dielectrics  (low  conductivity)  one  cannot  prevent  fields  from  exceeding 
105  V/cm,  however  some  faulty  models  have  been  invoked  to  predict  such  impossible 
lower  field  cases  by,  for  example,  the  use  of  so  called  "penetrating"  radiations. 

It  turns  out  that  for  the  best  dielectrics  and  for  nearly  any  radiation  spectrum 
and  any  geometry  the  field  strength  will  exceed  105  V/cm  somewhere  in  the  so1 id  and 
in  some  special  cases  can  reach  10?  V/cm.  To  avoid  this  high  field  strength  one 
needs  only  to  increase  the  conductivity.  Based  on  ten  years  experience,  I find  that 
equation  1 is  a good  guide  to  the  field  strength  dependence  on  conduction  processes 
at  low  dose  rates  (<10^  rads/second) . Geometry  and  spectrum  changes  will  not 
produce  more  than  an  order  of  magnitude  correction  to  equation  1 predictions. 

( E Peak)  *>  10-1 2/k(  1+o/kO)  (1) 

'•here:  10“*2  has  units  of  (sec,V)/(cni2»o’im»rad), 

k is  the  coefficient  of  radiation  induced 
conductivity  in  units  of  (sec/ohm*cm»rad) , 
a is  the  dark  conductivity  in  units  (ohm*cm)”l, 
l)  Is  the  average  dose  rate  in  the  volume  of 
interest  in  units  of  rads/sec. 


For  the  best  dielectrics  k is  typically  10“^  (sec.onds/ohirmcm^rr.d)  resulting 
in  peak  fields  of  10^  V/cm.  Of  course  k is  dependent  on  many  things  including  P,  so 
one  must  evaluate  k at  the  dose  rate  of  Interest,  D,  using  eq  2. 
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Radiation  induced  Conductivity,  (RIC)  = k D 


(2) 


where  RIC  is  empirically  determined  for  the  dielectric  material  in  question. 
References  3-8,.  12  and  13  have  examples  of  electric  field  strength  profiles  in 
Irradiated  dielectrics.  Reference  3 compares  the  occurrence  of  pulses  with  Che 
electric  field  strength  in  irradiated  dielectrics. 


ELECTRICAL  INSULATION  BREAKDOWN  PHENOMENA 


Background 

While  surveying  the  breakdown  literature  I learned  that  there  are  apparently  many 
failure  modes  for  elecrical  insulation.  In  most  of  the  modes  a very  large  current 
flows  for  long  enough  times  to  blow  a fuse  or  kill  a power  supply.  However,  in 
most  of  the  spacecraft  tests  to  date  we  only  see  rapid  pulses  without  permanent 
failure  and  without  continued  pulsing. 

In  the  insulator  industry  this  kind  of  pulsing  is  known  as  high  voltage  DC  prebreak- 
down phenomena.  If  one- applies  an  electric  field  of  order  10**  to  5 X 10^  v/cm  to  a 
good  dielectric,  small  pulses  may  occur  as  depicted  in  figure  1 for  a period  of 
an  hour  or  so  and  may  even  reoccur  for  a short  time  again  many  days  later  but 
usually  the  short  pulses  have  stopped  unless  one  changes  polarity  or  increases  the 
field  strength.  These  pulses  are  called  prebreakdown  events  and  usually  do  not 
lead  to  full  breakdown.  However,  if  one  applies  sufficient  field  strength  a rapid 
burst  of  prebreakdown  pulses  will,  be  immediately  followed  by  full  breakdown  of  the 
insulation. 

In  the  case  of  space  radiation  it  is  unlikely  that  total  breakdown  occurs  because 
there  is  no  "stiff"  power  source  which  can  continue  to  provide  significant  current 
to  the  system.  Even  though  peak  currents  approaching  10^  amperes  have  been  seen 
during  short  pulses,  the  dielectric  was  not  destroyed  as  an  insulator  by  one  pulse. 
With  maximum  differential  potentials  of  10^  volts  and  incident  currents  of  10-<^ 

A/ cm2  we  find  that  space  radiation  cannot  produce  a d.c.  power  flux  exceeding 
10  u Watts/cm^.  it  is  unlikely  that  such  low  power  flux  will  permanently  change  an 
insulator  into  a conductor.  Thin  oxide  electronic  device  insulations-,  however,  are 
hurt  by  the  transient  pulses. 

The  most  common  dielectric  experiment  is  shown  in  figure  2.  A current  is  measured 
between  two  electrodes  while  the  dielectric  is  irradiated  and/or  biased.  Any 
currents  or  current  pulses,  including  the  motion  of  irradiation  driven  charged 
particles  (usually  electrons),  will  register  on  the  meter  according  to  the  equation 
in  figure  2.  If  one  measures  I throughout  the  irradiation  and  independently  knows 
the  dose-depth  and  charge-depth  distributions  for  the  radiation  then  one  can  calc- 
ulate the  E fields  internal  to  the  dielectric  (ref  3,7).-  Pulses  will  also  show  up 
on  the  meter  according  to  the  equation.  The  experiment  in  figure  2 is  the  most 
generally  useful  arrangement. 

A common  embodiment  of  figure  2 is  to  have  most  of  the  space  between  X=0  and  X=A  in 
vacuum  and  thin  layer  of  solid  dielectric  of  thickness  d from  X=A-d  to  X=A.  Again, 
electric  fields  build-up  in  both  the  vacuum  and  the  dielectric  but  space-charge 
accumulates  only  in  the  dielectric.  Becau  ?e  space-charge  cannot  accummulate  in  the 
vacuum,  charge  current  flowing  in  the  vacuum  must  be  a constant  .across  the  vacuum 
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space  (In  the  quasi-static  approximation  which  is  vali4  for  this  spacecrait  problem) 
although  it  can  vary  in  time. 


Consider  an  idealized  current  pulse  Of  arbitrary  magnitude  Jp.  Let  d«A.  Then  if 
Jp  occurs  in  the  vaouum  region,  It  must  be  constant  across  tne  vacuum  and 


A-d 


/ 


dx  - Jp 


But  if  Jp  is  confined  to  the  dielectric  then 

•'tA  'dx<iJ* 

A-d 


(3) 


To  date,  most  experiments  were  designed  such  that  A B 5000. 

d 

Thus  pulses  confined  to  the  dielectric  will  be  detected  much  more  weakly  on  the 
ammeter  1 than  similarly  sized  pulses  in  the  vacuum  will  be  detected.  Therefore  an 
ammeter  set  to  a scale  to  detect  pulses  in  the  vacuum  will  not  detect  similar 
pulses  in  the  dielectric. 


Tue  Basic  Phenomenon 

All  of  the  observed  pulsing  phenomena  reported  by  spacecraft  charging  investigators 
can  be  explained  as  normal  derivatives  of  the  streamer  phenomenon  described  in 
reference  2 and  reported  extensively  in  the  prebreakdown  electrical  insulation 
community.  It  is  found  that  solid  dielectrics  subjected  to  electrical  stresses 
greater  than  10^  v/cra  (and  in  some  instances  as  low  as  10^  V/cm)  spontaneously 
develop  streamers  of  gas/plasma  phase  matter  which  starf  at  a point  but  rapidly 
expand  along  a line  roughly  parallel  to  the  local  electric  field  vector.  The 
streamers  tend  to  form  tubes  whose  diameters  are  in  the  range  0.1  to  10  microns 
(typically  1 micron)  but  can  become  much  larger  where  many  Streamers  join  together, 
and  appear  to  have  no  limit  to  their  maximum  length.  Streamers  continue  to  propagate 
as  long  as  sufficient  F.  field  exists  at  the  tip  of  the  streamer, — 

Figure  3 is  a pictorial  streamer.  Stop  action  photographs  indicate  that  streamers 
are  usually  brightest  at  their  tip  but  emit  light  throughout  their  length.  The 
insulation  industry  reports  a wide  range  of  propagation  velocities  from  10^  to  106 
m/sec  but  for  conditions  of  electron  irradiation  Balmain  et  al.  report  (ref  14) 
velocities  of  10^  to  10^  m/sec.  In  Balmain's  cASe  streamers  propagate  at  or  just 
beneath  the  surface  and  surface  effects  may  play  a role  in  the  propagation  velocity 
so  it  might  be  instructive  to  do  similar  tests  for  the  deeper  penetration  case.** 
Under  electron  irradiation  it  appears  that  streamers  originate  at  a surface  (where 
the  field  strength  is  maximum)  and  propagate  to  or  a little  beyond  the  average 


*£footno|e:  deeper  penetration  will  not  be  obtained  by  raising  the  energy  because 

the  surface  potential  rises  to  slow  the  incident  electrons  to  roughly  2 keV  incident 
energy  Most  of  the  irradiation  in  Balmain's  experiments  was  by  2 keV  electrons. 

(refGn)  Uld  Rr°Und  thC  SUrface  Wlth  UV  Patens  or  low  energy  protons 
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trapped  electron  depth  whence  they  turn  at  right  angles  and  spread  out  at  this 
depth;  the  right  angle  turn  is  made  because  the  plasma  filled  s-treamer  has  almost 
eliminated  the  potential  difference  between  the  tip  of  the  streamer  and  the  dielec- 
tric surface  so  that  the  R field  vector  at  the  tip  is  now  perpendicular  to  the 
original  field  direction  and  pointing  towards  the  centroid  of  the  spacecharge 
electrons  (ref  15). 

Streamers  have  been  seen  to  Occur  in  many  materials  (liquid,  crystals,  glasses, 
polymers)  used  for  insulating  purposes,-  In  all— these  materials  streamers  similar 
to  those  reported  by  Balmain  (ref  15),  by  Gross  (ref  16),  and  by  the  many  people 
using  irradiation  to  create  Uchtenberg  trees,  are  occuring  in  dielectrics  which 
are  under  electrical  bias  stress  alone. 


It  appears  that  the  basic  streamer  forms  as  a highly  ioni-ed  plasma  tube.  The 
plasma  is  extremely  dense  and  under  high  pressure  so  that  when  it  approaches  a 
surface  it  "explodes"  from  the  surface  allowing  plasma  subsequently  formed  at  the 
streamer  tip  to  escape  through  the  tube.  At  the  cessation  of  the  discharge  propaga- 
tion one  finds  the  remains  of  the  discharge  to  be  a tree  or  bush  shaped  network  of 
hollow  tunnels.  Reference  17  reports  on  measurements  of  this  highly  ionized  plasma 
debris  which  escapes  the  solid.  In  the  case  of  applied  electric  bias  experiments, 
the  plasma  may  be  confined  to  the  dielectric  by  the  electrodes  so  that  hollow 
tunnels  do  not  occur  and  the  plasma  resolidifies  in  place.  However,  if  the  plasma 
tube  propagates  between  electrodes  entirely  across  the  dielectric,  it  becomes  a 
conductive  tunnel  effectively  shorting  out  the  insulator  for  as  long  as  the  power 
supply  can  maintain  Sufficient  plasma  arc  power  to  continue  the  plasma  between  the 
electrodes.— — 

Although  streamers  have  been  seen  to  develop  at  10^  V/cm  applied  bias,  they  may 
have  Actually  occurred  at  localized  high  field  regions  due  to  space  charge  which  was 
developed  by  conduction  process.  I would  quess  that  at  least  10^  v/cm  is  required 
to  initiate  streamers  but  that  once  formed  they  can  continue  to  propagate  in  lower 
field  regions,  perhaps  in  regions  of  field  strength  as  low  as  10^  V/cm  or  less. 

The  streamer  obtains  its  energy  from  the  electric  field,  not  from  the  space  charge 
itself.  For  typical  geometries  the  spacecharge  density  developed  under  irradiation 
is  in  the  range  10^  to  10^  coulombs/meter  Thus  a one  micron  diameter  tunnel 
intersects  from  5 to  5 X 10^  excess  trapped  charges  (electrons,  holes,  ions)  per 
centimeter  of  propagation.  Assuming  that  a reasonable  fraction  of  the  atoms  within 
the  tube  are  ionized  by  the  streamer  propagation/ formation  process  there  are  of 
order  10^  ions  and  free  electrons  per  centimeter  of  1 micron  diamter  tube.  Thus  the 
excess  spacecharge  contributes  very  little  to  the  plasma  density. 

I don't  know  of  any  physics  which  can  predict  the  occurrence  of  these  streamers. 
Electric  field  strengths  of  10&  V/cm  probably  cannot  accelerate  an  internal  free 
electron  much  beyond  10  eV  kinetic  energy  because  at  higher  kinetic  energies  the 
stopping  power  on  the  free  electron  in,  for  example,  polyethylene  exceeds  10^  V/cm 
(ref  18).  Thus  one  free  electron  cannot  avalanche  because  it  takes  more  than  10  eV 
on  average  (probably  from  20  to  30  eV)  to  cieate  a secondary  free  electron.  Perhaps, 
in  a region  of  high  field,  occasionally  it  happens  that  sufficient  local  random 
ionization  occurs  to  significantly  alter  the  band  structure  and  the  dielectric 
constants  so  that  the  stopping  power  is  significantly  reduced  and  free  electrons 
can  accelerate  to  avalanche  levels.  Assume  that  50  eV  is  necessary  for  free  electron 
avalanching:  then  at  10^  V/cm  E field  we  require  a thickness  of  order  0.5  microns 
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to  generate  this  kinetic  energy.  A.  lower  limit  may  exist  on  the  thickness  of 
material  required  to  initiate  a streamer  and  this  effect  is  partly  responsible  for 
the  increased  breakdown  strength  Of  very  thin  film  insulators.  Tn  addition,  the 
statistics  o£_streamer  initiation-are  such  that  rare  atomic  level  events  may  be  the 

initiating  mechanism;  application  10^  V/cm  does  not  cause  streamers  automatically 
everywhere,  they  happen  rarely  and  far  apart  relative-to  their  size. 

Empirical  knowledge  of  the  streamers  allows  us  to  explain  the  spacecraft  charging 
results  even  though  we  don't  understand  streamer  physics.  Streamer  propagation 
velocity,  total  streamer  volume,  streamer  tube  diameter,  ionization  density  inside 
the  streamer  and  the  empty  tunnel  which  remains,  along  with  electric  field  strength, 
are  sufficient  parameters  to  explain  the  spacecraft  charging  phenomena.  Using  this 
empirical  data  and  applying  standard  electromagnetic  analysis,  the  rest  of  the 
paper  explains  the  observed  pulsing  results.  In  addition,  the  modeling  predicts 
results  which  have  yet  to  be  investigated-  However,  this  modeling  has  not  been 
tested  and  it  would  be  wise  to  do  so:  for  example,  one  should  make  measurements  of 

the  externally  measured  pulse  current  and  relate  it  to  the  specific  streamer  tunnel 
which  produced  the  pulse. 

Electric  Fields  and  Streamers  in  Spacecraft  Dielectrics 

The  most  common  spacecraft  charging  laboratory  experiment  has  been  irradiation  of 
thin  polymer  or  glass  sheets  by  approximately  20  keV  electron  beams  in  vacuum.  The 
irradiated  side  (front)  of  the  sheet  can  float  to  any  potential  but  the  other  side 
(rear)  of  the  sheet  is  attached  to  a grounded  electrode.  Experimenters  have 
monitored  current  to  the  electrode,  discharge  current  to  the  electrode,  discharge 
current  pulses  to  the  electrode,  potential  of  the  front  surface,  light  flashes, 
discharges  associated  surface  trees,  and  electron,  ion,  and  neutral  particle 
emission  from  the  front  surface.  Figure  4 is  an  estimate  of  the  electric  fields 
in  a 1 millimeter  thick  mylar  sample  bombarded  by  20  keV  electrons  (ref  13).  These 
electric  fields- are  crucial  to  an  understanding  of  the  results  of  the-experiments. 

Referring  to  figure  4,  at  36  seconds  the  front  surface  attained  a potential  of  -18 
kV  and  therefore  it  was  being  bombarded  by  2 keV  electrons.  Because  of  secondary 
electron  emission  the  front  surface  will  remain  at  this  -18  kV  potential  as  long  as 
it  continues  to  be  bombarded  by  2 keV  electrons.  However,  the  internal  fields 
continue  to  evolve  as  shown  in  figure  4.  The  field  profile  at  1036  seconds  is 
essentially  a final  equilibrium  value  as  change  will  occur  only  very  slowly  beyond 
this  time  under  continued  irradiation.  Reasonably  similar  curves  would  occur  for 
teflon  or  polystyrene  or  other  highly  insulating  solid.  Notice  that  the  105  V/cm 
electric  field  strength  is  sufficient  to  initiate  streamers  with  either  polarity. 

Figure  5 shows  the  electric  field  calculation  for  a 25  micron  mylar  sheet  where  the 
front  surface  is  held  at  ground  potential  during  the  20  keV  electron  beam  irradia- 
tion. In  this  case  even  larger  electric  field  strength  occurs  (exceeding  10^  V/cm) 
near  the  front  surface.  If  one  changes  the  sheet  thickness  to  any  value  in  excess 
of  10  microns  it  turns  out  that  only  minor  changes  in  the  equilibrium  electric  field 
would  occur  at  the  front  surface  for  either  fig.  4 or  fig.  5 conditions.  However, 
the  equilibrium  field  strength  at  the  rear  surface  is  roughly  proportional  to  the 
inverse  thickness  of  the  sheet. 

The  electric  field  profiles  in  figures  4 and  5 are  crucial  to  understanding  space- 
craft charging  phenomena  to  be  described  below,  'ilie  field  profiles  between  the 
front  surface  and  the  charge  centroid  (where  E = 0)  are  key  to  understanding  the 


489 


phenomena -because  a discharging  or  pulsing  sample  under  irradiation  is,  in  the 
sense hopping  between  the  two  extreme  case-s  shown  in  figs.  4-and  5. 

In  the  case  of  an  insulator  with  both  surfaces  grounded,  pulses  have  been  correlated 
with  the  theoretical  electric  field  strength  (ref  3).  The  pulses  occur  only  under 
field  strength  exceeding  10^  v/c.m.  Also,  the  pulses  had  the  polarity  consistent 
with  the  polarity  of  the  electric  field  which  had  exceeded  the  minimum  field  strength 
required  for  pulses  in  the  individual  sample. 


EXPERIMENTAL  SCENARIOS 

There  are  several  specific  experiments  reported  in  the  literature.  Each  experiment 
can  be  explained  by  the  streamer  hypothesis  as  follows. 


Floating  Front  Surface  Potential 


Consider  the  experiment  of  figure  6 where  a dielectric  in  vacuum  is  irradiated  and 
its  irradiated  surface  is  allowed  to  float  to  any  potential.  If  the  dielectric  is 
thicker  than  the  penetration  depth  of  the  monoenergetic  electrons,  then  the  front 
surface  fields  will  be  approximately  as  shown  in  figure  4 for  any  choice  of  beam 
energy  above  one  keV.  As  the  irradiation  progresses  from  its  inception,  the  poten- 
tial of  the  surface  “rises"  and  slows  the  Incoming  electrons  until  the  quasi-equil- 
ibrium occurs  where  the  secondary  electron  current  cancels  the  incoming  primary 
beam  current.  The-  quasi-eq.ullibrium  will  occur  when  the  primary  electrons  bombard 
the  surface  at  the  “secondary  electron  second  cross-over  energy"  (ref. 19),  typically 
from  1 to  3 keV.  The  continued  irradiation  by  1 to  3 kev  electrons  produces  further 
field  strength  enhancement  at  the  front  surface.  At  long  times  the  sample  will 
have  lost  the  field  contributed  at  eArly  times  by  the  deeply  penetrating  higher 
energy  electrons  because  of  compensating  conduction  currents. 

Assuming  that: 

E0  is  the  initial  electron  kinetic  energy  in  eV, 

02  is  the  second  crossover  energy  in  eV 

0e  is  the  quasi-equilibrium  surface  potential 

Ed  is  the  electric  field  magnitude  in  roost  of  the  bulk  of 
the  dielectric 

Ev  is  the  electric  field  magnitude  in  the  vacuum  in  front 
of  the  dielectric 
i is  the  dielectric  thickness 

a is  the  distance  from  the  front  surface  to  the  ground 

plane  on  the  other  side  of  the  vacuum; 

R is  the  penetration  range  of  initial  Eg  electron  beam 


then 

E0  -0e  - 

02  typically  2 keV, 

(4) 

and 

Ev  = 0e/a 

« E0/a  for  Eo»02, 

(5) 

and 

Ed  ■ 0e/a 

« E0/Z  for  1>R , 

(6) 
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but  the  R field  near  the  front  surface  wiU.  remain  as  shown  In  figure  4 for  any 
Choice  of  E0t  At  or  4 greater  than  R. 

If  one  monitors-  the  potential  of  the  front  surface  during  an  Irradiation,,  the 
result  Is  often  as-  shown  in  figure  7.  The  front  surface  potential  rises  roughly  to 
the  “second  cross  over"  levels  Alter  some  irradiation  time  (which  is  very  variable) 
a pulse  occurs  discharging  the  front  surface.  The  second  pulse  may  occur  with  a 
shorter  elapsed  time  and  at  a lower  surface  potential  than  the  first  pulse.  Sub- 
sequent pulses  may  occur  at  even  lower  surface  potential  and  sometimes  at  very 
close  time  intervals.  Finally  all  pulsing  ceases  and  the  surface  reaches  the 
"second  cross  over"  level  permanently. 

The  experimental  results  such  as  shown,  in  figure  7 can  he  explained  in  the  following 
way.  Electric  field  strengths  of  10^  V/cm  or  greater  (fig  4)  cause  a discharge 
streamer  to  form  near  the  front  surface  and  the  resulting  plasma  erupts  from  the 
surface.  The  negative  plasma  components  then  accelerate  across  the  vacuum,  space  to 
the  vacuum  chamber  walls  effectively  "grounding  out"  the  surface  potential.  The 
positive  components  return  to  the  surface  of  the  dielectric  spread  out  over  most  of 
the  surface.  The  plasma  particles  actually  spread  out  in  the  vacuum  due  to  a 
combination  of  effects  including  pressure  waves,  diffusion  and  electric  forces  and 
then,  from  everywhere  in  the  vacuum,  they  flow  to  the  appropriately  biased  surface. 
The  streamer  channels  resulting  from  this  process  are  hollow,  having  ejected  all 
their  mass  into  the  vacuum  and  producing  sufficient  charged  particle  quantities  to 
discharge  large  areas;  as  much  as  10“2  coulombs  has  been  seen  and  a great  deal  more 
charge  is  probably  available  judging  from  the  largest  lichtenberg  trees  that  I've 
seen. 

The  polarity  of  the  current  pulse  seen  in  the  rear  electrode  Current  monitor  Is 
such  that  a net  electron  flow  occurs  from  the  dielectric  through  the  vacuum  to  the 
chamber  walls.  The  surface  is  not  discharged  by  streamers  flowing  through  the 
dielectric  to  the  rear  electrode  for  a fundamental  reason:  If  a streamer  were  to 
cross  through  the  dielectric  from  the  rear  electrode  to  the  the  front  surface,  it 
would  make  a shorting  contact  with  only  a small  portion  of  the  front  surface  but 
would  then  hurst  from  the  front  surface  at  high  pressure  spilling  plasma  into  the 
vacuum.  The  major  discharge  would  then  proceed  in  the  vacuum  region  as  discussed 
in  the  preceeding  paragraph.  However,  for  reasons  to  be  published  in  the  near 
future,  I believe  that,  due  to  radiaton  alone,  a streamer  will  not  propagate  entirely 
through  a dielectric  but  will  reach  only  one  surface;  in  otherwords,  for  the  experi- 
mental conditions  published  to  date  the  so  called  "punchthrough"  discharge  is  an 
impossibility. 

The  surface  potential  discharge  measurements  are  discussed  in  references  20  through 
26.  the  return  current  to  the  rear  electrode  Is  discussed  in  references  16,  20 
through  26.  The  emission  of  particles  into  the  vacuum  is  discussed  in  refs  17  and 
22  and  elsewhere  In  this  conference  proceedings. 

So  far  during  the  irradiation  we  have  described  the  first  pulse  which  then  discharges 
the  surface.  The  discharged  surface  now  changes  the  field  profile  within  the 
dielectric  increasing  the  field  strength  immediately  below  the  surface.  The  incident 
electrons  go  back  to  their  initial  value  of  energy,  say  10  or  20  keV  and  begin  the 
surface  charging  process  over  again,  hut  the  electrons  are,  at  least  for  a while, 
penetrating  more  deeply  within  the  dielectric  and  attempting  to  produce  field 
profiles  as  described  in  figure  5.  Larger  F.  fields  are  produced  to  deeper  depths 
than  figure  4 shows,  hut  only  after  the  first  pulse  occurs.  It  is  these  larger  and 
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deeper  fields  which- then  produce  more  pulsing  In  shorter  time  Increments.  As  the 
pulsing  progresses,  field-  strengths  vary  between  the  extremes  shown  In  figures  4- 
and  5 and  the  depth  dependence  varies  betweea  these  extremes.  Finally,  In  analogy  to 
the  well  known  capacitor  prebreakdown  phenomena ^ all  the  "weak  spots"  between  the 
surface-and  full  electron-  penetration  depth-are  "pulsed"  and- further  pulsing  ceases 
until  the  radiation  spectra  change  significantly *_  Exact  calculation  of  the  Held 
profiles  during  a series  of  breakdowns  has  not  been  performed  so  this  description 
Is  only  qualitative.  It  Is  well  known  that  the  streamers  create  physical  damage 
but  that  this  damage  does  net  increase  the  probability  for  future  streamer  occurrence 
and  that  under  d.c.  stress,  pillsing  usually  ceases  after  a time  depending  usually 
on  the  f ield— strength. 

An  Interesting  result  is  predicted  by  the  above  phenomena.  The  field  profile  in 

figure  4 is  such  that  a surface  pulse  is  not  likely  because  the  field  strength  at 

the  surface  is  not  exceptional  and  involves  very  little  depth.  The  note  to  figure 
4 indicates  that  the  basic  concepts  used  to  derive  the  figure  are  known  to  be 
faulty  in  such  a way  that  as  time  under  irradiation  continues,  electrons  will  drift 
deeper  and  deeper  into  the  dielectric  so  that  the  field  profile  will  very  slowly 

move  towards  that  shown  by  figure  5.  As  this  drift  occurs,  the  probability  that  a 

"weak  spot"  near  the  surface  finds  itself  in  a high  field  region  slowly  increases. 
Once  this  weak  spot  is  found  by  the  drifting  field  front,  a discharge  occurs  and 
almost  instantly  the  field  strength  is  significantly  increased  in  the  dielectric  to 
deeper  depths  and  perhaps  ma.:y  new  weak  spots  are  found  resulting  in  a flurry  of 
pulses.  Finally  all  the  weak  spots  near  the  surface  are  discharged  and  pulsing 
ceases.  This  effect  has  not  been  reported  formally  but  K.  Balmain  has  indicated  to 
me  that  the  initial  pulse  takes  a long  time  to  occur  in.  electron  beam  experiments 
but  once  it  happens  the  remaining  pulsing  happens  relatively  soon. 

If  one  evaluates  eq.  6 for  most  of  the  published  experiments  it  turns  out  that  the 
electric  field  in  the  bulk  of  the  dielectric  beyond  the  electron  penetration  range 
significantly  exceeds  10^  V/cm.  For  example,  many  experiments  were  performed  using 
20  keV  electrons  on  approximately  100  micron  thick  samples;  this  resulted  in  field 
strengths  of  approximately  2 x 10^  V/cm.  Reference  13  has  calculations  of  electric 
fields  in  thin  polymers.  You  are,  I hope,  wondering  why  I have  neglected  this  large 
electric  field  which  occurs  in  most  of  the  dielectric.  1 neglect  this  big  bulk 
field  because  it  produces  only  very  small  electrical  pulses  (though  it  produces 
many  pulses)  which  can  not  be  monitored  in  this  arrangement.  The  bulk  pulses  are 
similar  to  the  pulses  discussed  under  the  section  "Both  Surfaces  Grounded"  below. 


Meter  Current,  I,  Floating  Front  Surface 

The  discharge  pulse  current  I flowing  in  the  meter  (fig  2)  depends  on  several 
variables  such  as  front  surface  potential,  suj  lace  area,  and  random  fluctuations. 
Not  every  pulse  causes  the  front  surface  potential  to  go  nearly  to  ground 
potential  (ref.  24).  In  general  one  finds  that,  (ref.  15): 

a)  discharge  pulse  time  duration  * (surface  area) 1/2 

b)  discharge  pulse  current  * (surface  area) 1/2 

c)  total  discliarge  coulombs  * surface  area 
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These- rules  are  for  the  conceptual ly  simple  cases  where  all  other  variables  (other 
than  surface  area)  such  as  dielectric  constant.  Insulator  thickness,  .aild_Burface 
voltage,  are  held  const-ant. 

What  happens  l-f  we  change  the  other  parameters?  What  Is  the- physical  process  which 
causes  these  effects?  Again  the  answers  can  he  found  in  the  streamer  propagation 
process  and  Its  resulting  plasma.  Reference  15  argues  that  the  scaling  with  the 
‘'••rea  result  is  due  to  a streamer  propagation  process  because  the  streamers 
which  propagate  at  a reasonably  constant  velocity  (ref.  14)  have  lengths  scaling 
as  the  linear  dimension  of  the  Insulator  which  necessarily  scales  as  the  / area. 

In  the  addition,  I argue  that  the  total  charge  available  is  limited  by  the  total 
volume  of  the  streamer  tunnels;  and  if  every  atom  initially  In  the  tunnel  is  singly 

ionized  when  it  arrives  in  the  vacuum  space,  there  is  a great  deal  of  charge  available  - -- - 

to  '‘ground"  the  front  surface.  Injecting  an  excess  of  charge  of  both  signs  into 
the  vacuum  space  does  not  by  itself  fully  ground  the  front  surface  because  a great 

deal  of  the  plasma  charge  is  shielded  from  the  electric  fields  by  the  plasma  itself. 

Instead,  the  injected  plasma  will  spread  out  in  the  vacuum  in  a way  which  depends 
on  its  initial  temperature,  pressure,  velocity,  density  and  vacuum  E fields  and 
then  scatter  off  the  walls  of  the  vacuum  chamber,  and  the  Scattered  components  may 
also  contribute  to  the  "grounding"  of  the  front  surface.  Injecting  an  excess  of 
charge  however  does  cause  the  surface  potential  to  drop  with  a similar  statistical 
distribution  for  any  surface  area  and  this  will  often  happen  because  the  tunnel 
volume  varies  nearly  linearly  with  the  surface  area  (tunnels  tend  to  spread  out  in 
a fan  shape  under  the  entire  surface  which  has  been  irradiated). 

If  one  were  to  vary  the  sample  thickness  the  concepts  proposed  here  might  predict 
the  following  relationships: 

d)  pulse  time  duration  « (sample  thickness)~l/2 

e)  pulse  current  * (sample  thickness)“l/2 

f)  total  discharge  coulombs  06  (sample  thickness)-! . 

Varying  the  surface  voltage  might  cause  these  scaling  laws: 

g)  pulse  time  duration  * (surface  voltage)l/2  f(v) 

h)  pulse  current  <*  (surface  voltage)  l/^/f(v) 

i)  total  discharge  coulombs  * surface  voltage. 

And  varying  the  dielectric  constant  might  give  us  scaling  laws  like: 

j)  pulse  time  duration  « e 1/2 

k)  pulse  current  * e 1/2 

l)  total  pulse  charge  * e 

The  function  f(V)  is  inserted  to  Indicate  that  the  separation  of  the  positive  and 
negative  components  of  the  plasma  in  the  vacuum  is  strorgiy  dependent  on  the  electric 
field  strength  in  the  vacuum  such  that  the  rapidity  jf  grounding  of  the  surface  is 
sensitive  to  this  effect. 
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The  actual  meter  current,  I(t),  during  the  pulse  depends  directly  on  the  collapse 
of  the  vacuum  electric  fields  caused  by  the  separation  of  the  plasma  particles.  In 
these  experiments  no  external  voltage  source  is  applied,  it  Is  only  the  electrostatic- 
fields  due  to  trapped  space  charge  which  farce  currents  to  flow;  therefore,  the 
current  flow  Is  purely  a- displacement  current  Since  no  real  charge  flows  through  a 
complete  circuit.-  The  plasma  only  responds  to  and  collapses  the- electric  field 
where  the  plasma  resides;  this  occurs  within  the  streamer  tubes  and  in  the  vacuum 

space.  Figure  8 describes  the  geometry. 

Consider  the  one  dimensional  case  where  plasma  in  the  form  of  uniform  sheets  of 
unipolar  charge  is  Injected  between  two  grounded  electrodes  placed  "a"  meters 
apart.  Let  there  be  one  positive  sheet  and  one  negative  sheet  each  of  the  equal 
charge  density,  p coulombs/m2,  and  spaced  dx  meters  apart. 

Then  the  image  charge  density  induced  in  either  electrode  by  the  charge  sheets  is 
given  by 


A a =(p  /a)  dx. 

Between  the  sheets  the  electric  field  created  by  the  two  sheets  is  given  by 

A E=p / e 


(7) 

(8) 


and  is  zero  elsewhere ► 


Eq.  7 then  becomes 

eAE 

Aa  = dx 

a 


and  the  current-density  required  to  generate  the  image  charge  is 


A1  = — Ao  = t—  (AE  dx/a) 
dt  dt 


(9) 


(10) 


Returning  to  the  problem  of  excess  plasma  generated  In  a vacuum  between  biased 
electrodes  we  can  apply  eq.  10  by  assuming  that  many  sheets  are  injected  throughout 
the  vacuum  which  changes  E everywhere  in  the  vacuum.  Linear  superposition  of 
electric  fields  holds  in  a vacuum  so  we  can  generalize  eq.  10  to 


£ E 

EAI  = l(t)  ■ "a^o  -^.dx 


(ID 


where  E « E(x,t)  is  a continuous  function  over  space  and  time. 

Let  me  postulate  that  the  dominant  effect  in  a discharging  dielectric  with  one 
surface  floating  is  the  injection  Of  a net  neutral  plasma  into  the  vacuum.  The 
plasma  spreads  out  in  the  vacuum  to  neutralize  the  existing  vacuum  electric  fields 
and  the  meter  current  I is  given  by  eq.  11.  Because  we  do  not  know  the  dynamics  of 
this  plasma  injection  and  spreading  we  can't  a-priori  calculate  I(t),  but  we  can 
predict  the  integral  over  the  pulse  duration: 
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0 *•  a/  t ( t)  dt 


(12) 


where  A Is-  the  surface  area  of  the  dielectric*  It  turns  out  that  tn  most  experiments 
Q was  nearly  equal  In  magnitude  and  opposite  In  polarity  to  the  "so  called"  surface 
charge  residing  on  the  irradiated  lnsulator.-surf ace  (actually  residing  in  the  hulk 
typically  within  5 microns  of  the  surface).  This  Is  equivalent  to  the  statement 
that  the  plasma  fully  collapsed- the  electric  field  in  the  vacuum. 

The  amount  of  charge  Injected  by  streamers  will  be  discussed  later;  this  should  be 
a variable  number  depending  on  the  total  irradiation  fluence  as  well  as  on  geo- 
metrical factors. 


Pulses  in  Dielectrics  with  Both  Sides  Grounded 

An  extensive  set  of  experiments  (ref  3)  have  been  performed  In  the  geometry  of 
figure  2 where  dielectric  fills  the  entire  space  between  the  electrodes.  In  this 
case  only  small  pulses  were  seen  and  negligible  charge  was  removed  from  the  dielec- 
tric during  the  pulsing  process.  Tunnels  are  seen  in  such  dielectrics  after  irradia- 
tion and  are  probably  similar  to  those  described  above.  In  this  set  of  experiments 
thick  samples  were  used  (circa  5 mm)  under  high  energy  (circa  500  keV)  electron 
bombardment.  However,  the  experimental  results  can  all  be  explained  by  the  same 
streamer  phenomena  as  in  the  floating  surface  case-. 

The  tree  which  results  from  the  streamer  connects  to  an  electrode  at  one  point  and 
branches  out  into  the  bulk  of  the  dielectric.  Again  the  basic  principle  is  that 
the  streamer  is  a dense  plasma  which  can  collapse  the  electric  field  in  the  volume 
occupied  by  the  plasma.  However,  the  streamer  follows  tortuous  paths  and  the 
calculation  of  meter  currents  is  complicated  beyond  the  simple  concepts  engendered 
in  eqs  7-12.  There  can  be  regions  in  the  dielectric  which  initially  have  zero 
electrostatic  field  strength  but  once  a streamer  has  propagated  some  distance  it 
can  introduce  significant  space  charge  density  into  these  originally  zero  field 
strength  regions.  In  otherwords,  a streamer  must  initiate  in  a high  field  region 
but  once  it  has  traveled  some  distance  it  can  create  a high  local  field  strength 
near  its  tip  in  a region  which  initially  had  zero  electric  field.  In  fact,  the 
bulk  of  the  "tree  branches'"  in  radiation  induced  trees  occur  in  intially  low  field 
regions  of  the  dielectric.  In  the  process  of  forming  trees,  streamers  can  produce 
large  current  flows  in  relation  to  the  current  which  would  be  required  to  eliminate 
the  electrostatic  fields  initially  present  in  the  volume  of  material  penetrated  by 
the  streamer.  Equation  11  cannot  be  applied  alone  to  this  problem. 

For  the  region  of  the  streamer  which  runs  parallel  to  the  electrostatic  fields  eq. 

11  is  valid  but  one  must  remember  that  the  cross  sectional  area,  A,  in  eq.  12  is 
typically  a square  micron  so  that  the  total  charge  0 is  very  small. 

In  the  experiments,  typical  fields  were  105V/cm  so  that  eq.  12  provides  the  following 
estimate  of  charge  pulse  magnitude  due  to  the  portion  of  the  square  micron  streamer 
parallel  to  E. 

a t 

0 - A Jl(t)dt  = (A  e/a)  fQ  j Q ill  dx'  dt  (12a) 

dt 
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Assuming  that  the  fidd  F Is  fully  collapsed  In  some  short  time  T,  assuming  that  E 
Is  roughly  constant  and  assuming  the  streamer  passes  nearly  all  the  way  through  the 
sample,  we  get: 

Q * AC  E 

A - lO”*2  meter  5- 
e B 10" l 1 farads/meter 
E = 10^  volts/meter 
q - 10” 15  coulombs 

For  the  region  of  streamer  perpendicular  to  the  Initial  E field  the  streamer  propa- 
gates most  commonly  because  of  high  charge  density  and  effectively  conducts  this 
charge  to  the  electrode.  The  argument  Is  essentially  that  the  streamer  forms  the 
path  of  a line  integral  over  which  every  element  has  nearly  zero— E field,  te: 

E (i  ) =0  everywhere  along  path  X. , 

dE  = 0 « P 
dl 

in  analogy  with  Gauss'  law.  This  condition  is  met  when  there  is  no  net  charge  in 
the  streamer  tube  (tunnel)  which  impLies  that  the  streamer  removed  the  net  charge 
originally  along  the  streamer  length. 

The  net  charge  injected  by  irradiation  is  in  the  range  10°  to  l0/}  coulombs /m3 
(refs  13,27)  so  that  per  cm  of  tunnel  length  the  following  charge  is  removed: 

for  10°  Coul/m3,  o/cm  = 10-12  m2  * io~2n/cm  * ioO  Coul/m-* 

= 10“14  coul/cm 

for  lO^  coul/m3>  o/cm  * in~l°  coul/cm 

Of  course  these  estimates  again  assume  a tunnel  cross  section  of  a square  micron. 

One  more  component  of  meter  current  flows  in  the  streamers  which  are  antiparallel 
to  the  original  static  E field.  This  component  is  the  collapse  of  the  static  E field 
across  the  streamer.  Eqs  11  and  12  provide  an  estimate  of  this  current  contribution. 
Assume  a 0.1  mm  thick  sample  with  an  E field  strength  of  lp5  v/cm  in  the  streamer 

region  with  l square  micron  streamer  1 cm  long.  In  this  case  eq.  12  reduces  to 

O = A _£  E Ax  = 10  coulombs/cm  tunnel 
a 

where  A = 10-6  X 10  "2  m2,  a = .0001  m,  A x = 10"^  m. 

The  net  result  of  this  modeling  is  that  for  the  kinds  of  tunnels  seen  in  low  dose 

rate  tests  (micron  diameter,  less  than  a meter  total  tunnel  length)  one  would 
expect  Integrated  current  pulses  to  he  measured  less  than  a nanocoulomh  when  shorted 
electrodes  are  on  both  sides  of  the  dielectric.  This  is  in  contrast  to  the  floating 
front  surface  where  the  vacumm  currents  produce  measured  charge  transfers  exceeding 
a micrecoulomb.  The  numbers  which  result  from  both  the  model  and  the  assumptions 
are  in  agreement  with  the  range  of  pulsing  results  seen  in  experiments. 
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The  pulsing  rates  (pulses  per  unit  time  or  per  unit  fluenCe)  seen  In  the  open  front 
surface  experiments  are  in  rough  agreement  with  the  rates  seen  in  fully  grounded 
experiments  (ref,  3,  28,20),  This  is  further  evidence  that  in  both  geometries  the 
pulses  have  a common  origin,- 

Pulse  Energy  for  Electing  Surface  Cane 


Previous  calculations  have  only  estimated  charge  flow,  For  the  radiated  EM  Wave 
problem  one  needs  an  estimate  of  maximum  pulse  energy  because  the  collapse  of  the  E 
field  radiates  waves  directly  as  well  as  causing  image  charge  motions.  Because  the 
dynamics  of  the  field  collapse  are  not  known  to  me,  I cannot  address  the  directly 
radiated  EM  wave  Intensity  problem;  it  is  certainly  complex  containing  plasma 
oscillation  components  as  well  as  resonant  cavity  ringing  phenomena.  But  we  can 
estimate  the  initial  electrostatic  energy  available  to  he  radiated. 


Referring  to  figure  8 and  assuming  as  usual  that  most  of  the  trapped  charge  resides 
near  the  floating  surface  we  find  that  most  of  the  electrostatic  energy  resides  in 
two  fields.  If  V0  is  the  surface  potential,  then  the  energy  stored  per  unit  surface 
area  in  the  dielectric  is  given  by 

£d  - £Vo2/2a  (n> 

where  a is  the  dielectric  thickness,  and  the  energy  stored  in  the  vacuum  (per  unit 
area)  is 

Cv  - eVo2/2b  (14) 


where  b is  the  distance  through  the  vacuum  to  ground  (or  one  debye  length  in  the 
space  plasma).  Assuming  that  the  sample  dielectric  constant  is  similar  to  vacuum, 

that  the  vacuum  spacing  b is  0.5  m-and  that  the  sample  thickness  is  10~^  m we  find 
that 


SaL*  Jl  * iL,  « 5 x io3  »i. 

Cv  a ^ 

However,  the  electrostatic  energy  within  the  dielectric  is  not  discharged  by  a 
propagating  streamer.  Only  the  volume  occupied  by  the  streamer  is  discharged, 
we  let  C 6e  the  discharged  electrostatic  energy,  then  in  the  vacuum  the  total 
discharge  energy  is 


(15) 

If 


= e 


(Vacuum  volume) 


VQ2/2b2 


(16) 


and  for  the  streamer  the  total  discharge  energy  is 


Ca « e (Streamer  volume)  VQ2/ 2a2  (17) 

Assuming  a sample  surface  area  of  10“2  m2,  a dielectric  constant  similar  to  vacuum, 
a streamer  length  of  1 meter  with  one  square  micron  cross  section  wc  find 

Sd  - 4 X 10*3  « l. 

~g*7  (18) 

Thus  the  discharge  pulse  energy  is  significantly  smaller  in  the  dielectric  than  in 
the  vacuum  for  the  typical  irradiation  geometries  reported  to  date.  Yet  it  is  the 
plasma  created  in  the  dielectric  which  causes  the  relatively  large  energy  dumps  in 
the  vacuum  region  of  space. 


497 


Real  Spectra  Effects,  Surface  Potential,  arid  Enhanced  Pulsing 

It  has  heen  reported  that  the  space  shuttle  tiles  show  no  discharge  pulses  under 
monoenergetic  irradiation  hut  do  pulse  when  irradiated  with  a broad  spectrum  (ref 
30),  This  effect  wii-1  also  occur  in  space  and,  contrary  to  popular  opinion  of  the 
moment,  the  effect  proves  that  resting  with  monoenergef ie  beams  is  not  necessarily 
a worst  case  test. 


The  cause  for  the  effect  has  not  been  proven  hut  I postulate  the  following  cause. 
Early  in  the  irradiation,  before  pulses  begin, Che  surface  comes  to  ice  equilibrium 
potential  say  2 keV  below  the  incident  monoenergetic  electron  energy.  Figure  4 
describes  a typical  result  whore  surface  potential  equilibrium  occurred  in  36  seconds 
(ref  13).  The  electric  field  at  the  front  surface  which  can  produce  streamers  that 
eject  plasma  into  the  vacuum  will  not  penetrate  beyond  0.1  micron.  The  rest  of  the 
dielectric  beyond  0.1  micron  will  produce  streamers  which  connect  to  the  rear 
electrode,  not  to  the  vacuum.  Balmain  finds  that  he  must  wait  long  times  for 
discharging  to  begin  (ref.  29)  even  at  his  much  higher  dose  rates.  Such  long  times 
probably  invalidate  fig  4 conclusions  because  of  trapped  charged  diffusion  effects 
which  would  bring  the  high  fields  near  the  surface  to  deeper  depths.  It  may  be 
that  0.1  microns  of  material  is  unlikely  to  produce  a streamer,  it  may  require  1.0 
microns  or  more  of  depth  to  allow  a streamer  to  propagate.  Thus  in  Balmains 
experiments  he  waits  until  diffusion  has  moved  the  charge  centroid  (where  E = 0)  to 
some  depth  perhaps  1 micron  or  more.  At  this  point  in  time  a streamer  initiates 
and  pulsing  begins.  But  with  a broad  spectrum  one  doesn't  have  to  wait,  the  high 
energy  tail  rapidly  produces  the  deeper  surface  field  penetration. 

Figure  9 describes  the  quantitative  approach  for  estimating  the  importance  of  the 
tail.  The  dielectric  surface  comes  to  a potential  0e  in  space  typically 
between  0 and  -10  kV.  The  surface  has  a backscattered  plus  secondary  electron 
yield  curve  (ref.  31)  which,  when  folded  with  the  space  electron  energy  spectrum, 
produces  a specific  energy  £ & determined  by 


i-?h(C)  - « (£-  Ml  d£so 

Oe  L J 


(19) 


where  N(  £ ) is  the  space  electron  energy  distribution.  This  is  equivalent  to 
saying  that  the  net  current  to  the  sample  by  all  electrons  below  is  zero. 

£ a will  generally  be  > 1 kV  above  the  second  crossover  energy  for  most  polymers 
and  at  energies  above  6^  the  backemitted  yield  (figure  9)  is  roughly  a constant. 
Typically  in  space  the  electron  energy  spectrum  above  can  be  characterized  by 

a function  like 


N ( £ > £*) 


n0e- 


n>l 


(20) 


and  we  can  solve  directly  for  I 


I - / N(£)  [l  - «(  £ - 0e)]  d£  = / N(C)  [l  - 5 (£-flte)]  d£ 


[l  - 6 <£*)]  % j( 


l 
ri»l 

ti 


(21) 
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If  we  know  the  spectrum  (such  as  eq.  20)  we  can  determine  f>ft  from  eq  19  and  by 
measuring  I we  can  then  determine  the  total  incident  current  above  £Lg,  because  all 
this  current  must  go  to  the  electrode^  Now  if  I > 10"^  A/cm^  it  is  in  principle 
capable  of  creating  sufficient  field  strength  over  sufficient  depth  to  produce 
streamers  at  the  surface  because  the  tail  beyond  gj  is  depositing  charge  beyond  0.1 
micron  depth  in  sufficient  quantities.  The  above  mechanism  is  postulated  to  explain 
the  shuttle  tile  results  where  monoenergetie  electrons  do  not  cause  discharge  but 
broad  spectra  do.  The  extensive  polymer  results  where  monoenergetie  electrons 
cause  pulsing  but  only  after  inordinate  time  delays  is  postulated  to  bo  due  to  slow 
carrier  drift  (typically  up  to  5 microns  as  reported  in  the  literature)  before  deep 
trapping.  The  basic  reason  for  the  difference  is,  again,  postulated  to  bo  due  to  a 
streamer  phenomena  ie:  there  is  some  minimum  dielectric  thickness,  probably  field 

dependent,  required  for  Che  generation  of  these  (non  thermal  type)  screamers. 


EXPERIMENTAL  PREDICTIONS 

Several  new  experimental  results  can  be  predicted  from  this  modeling.  These  experi- 
ments could  he  a check  on  the  model. 

Containment  of  Streamer 

The  streamers  reported  by  Balmain  et.  al . are  almost  surface  streamers.  At  first 
look  they  appear  similar  to  the  bulk  streamers  which  occur  at  deeper  depths  when 
irradiated  by  higher  energy  (100  keV  - 10  MeV)  electrons  in  air.  However,  l think 
both  streamers  are  produced  by  electric  fields  as  the  driving  force.  If  one  were 
to  perform  Balmain's  irradiations  with  a very  thin  (say  500  A Al)  front  grounded 
electrode  then  the  streamers  would  occur  mostly  at  5 micron  depth  and  be  similar  to 
the  trees  generated  by  higher  energy  irradiations.  The  resulting  tree  would  burst 
through  the  500  A electrode  leaving  a hole. 

However,  i-f  one  were  to  use  a 2 mm  thick  electrode  tightly  clamped  to  the  surface 
and  irradiate  with  say  MeV  electrons,  1 predict  that  streamers  still  form  but  do 
not  leave  the  -'ample.  The  streamer  will  re-solidify  in  its  track.  It  might  be 
visible  as  a t.»e  of  less  crystallinity  after  the  event.  One  could  look  at  the 
edge  of  the  sample  for  the  flash  ot  light  to  be  sure  that  a streamer  occurred.  In 
my  experiments  with  neavy  electrodes,  trees  were  never  seen  leaving  the  dielectric 
at  the  electrode,  they  were  only  seen  at  a gap  or  at  the  edge  of  the  electrode. 

It  is  often  presumed  that  trees  only  originate  at  gaps,  edges,  or  flaws.  I feel 
they  can  originate  elsewhere  but  of  course  prefer  "high  field"  or  “weak  spot” 
regions  associated  with  gaps,  edges,  or  flaws.  The  experiment  above  using  500  A Al 
electrodes  should  demonstrate  that  streamers  also  propagate  to  (or  start  at)  an 
electrode  interface  and  in  this  case  will  blow  away  the  electrode  at  this  point.  I 
have  seen  this  effect  with  carbon  paint  electrodes  which  are  admitedly  not  very 
smooth  and  may  have  had  a microcrack  at  the  discharge  site. 

Experimental  Proof  of  Vacuum  Field  Collapse  Thesis 

I propose  irradiating  a sample  in  the  geometry  of  figure  8 while  holding  the  Irr- 
adiated surface  at  ground  potential  (either  using  VUV  light  to  photoemit  electrons 
from  the  surface  or  using  a thin  grounded  metallzatidrt).  This  will  make  all  pulses 
seen  by  meter  I very  small.  Then  one  can  simulate  the  floating  surface  field  in 
the  vacuum  by  biasing  the  lower  electrode  in  fig.  8 to  +10  kV  through  a very  high 
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Impedance.  This  will  cause  tlie  pulses  to  become  the  large  type  just  as  if  the 
front  surface  had  been  charged  td  "10  kV. 

in  addition  I propose  biasing  the  lower  electrode  with  a very  low  impedance.  This 
will  allow  one  to  collect  much  more  of  the  plasma  chaCge  which  the  streamer  injects 
into  the  vacuum.  Or,  at  least,  it  allows  more  of  the  charge  to  be  separated  and  to 
register  as  a current  on  the  meter.  Thus,  in  this  low  impedance  case  charge  collec- 
ted Will  not  scale  with  surface  at‘ea  hut  will  scale  with  streamer  volume.  In  such 
experiment  one  must  be  sure  to  expose  the  upper  electrode  to  the  vacuum  plasma  in 
order  to  collect  the  positive  plasma  charge,  otherwise  the  plasma  will  just  clamp 
the  surface  potential  to  the  lower  electrode  and  the  charge  collected  will,  again, 
scale  with  surface  area. 


Streamer  Volume/Plasma  Charge  Thesis 

One  can  irradiate  a sample  in  a chamber  which  also  has  two  extra  electrodes  near 
the  front  of  the  dielectric.  These  electrodes  can  be  biased  at  high  voltage  and 
With  low  impedance  so  that  a fraction  of  the  plasma  charge  will  be  collected  on  the 
electrodes  and  appear  as  a current  in  a meter  connecting  the  two  electrodes  (one 
electrode  is  biased  positive  and  one  negative).  The  integrated  current  is  then 
proportional  to  the  amount  of  plasma  injected  into  the  vacuum. 

One  irradiates  until  the  first  pulse  occurs  and  immediately  turns  off  the  beam. 

The  total  streamer  volume  is  then  measured  (I'll  let  you  figure  out  how)  and  compared 
to  the  pulse  charge  measured.  This  is  repeated  using  differing  dose  rates,  beam 
energies  and  sample  sizes  until  a large  distribution  in  pulse  sizes  is  generated. 

The  streamer  volume  as  measured  by  the  remaining  tree  volume  should  scale  with  the 
pulse  charge.  (Of  course  this  pressumes  that  the  plasma  charge  collection  efficiency 
is  a monotonic  function  of  the  streamer  size.) 

This  experiment  is  also  a measure  of  the  limit  to  pulse  size.  The  ultimate  pulse 
current  magnitude  is  limited  by  the  total  free  charge  in  the  streamer  plasma.  In 
the  scaling  experiments  reported  to  date  T think  it  is  true  that  the  streamer 
injected  free  charge  far  exceeding  the  charge  required  to  drop  the  insulator  surface 
to  ground.  In  addition,  experiments  with  radiation  induced  lichtenberg  trees 
indicate  that  they  usually  spread  but  to  encompass  most  of  the  Solid  so  that  the 
total  streamer  volume  Will  scale  roughly  as  the  total  irradiated  surface  area.  It 
will  also  scale  with  the  static  field  strength  just  prior  to  streamer  formation 
because  the  trees  are  known  to  put  on  more  branches  when  the  discharge  occurs  at 
higher  field  strength. 


Coupling  to  Biased  Spacecraft  Elements 

It  is  well  known  that  electromagnetic  coupling  will  occur  to  other  elements  on  a 
spacecraft  when  a discharge  occurs.  The  plasma  injected  into  the  vacuum  creates 
another  coupling  mechanism.  Other  elements  with  bias  and  neat  the  discharge  site 
will  interact  directly  with  the  plasma.  This  mechanism  could  he  more  important 
than  direct  EM  coupling.  Experiments  on  this  phenomenon  are  obviously  specific  to 
the  spacecraft  application  hut  they  can  be  a-priorl  modeled  since  experiments  B and 
C above  provide  the  basic  information  for  modeling  this  phenomenon. 
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Pulse  Rate  versus  Dose  Rate 


It  is  often  thought  that  the  pulse  rate  relates  to  the  dose  rate*  In  experimental 
tests  this  is  roughly  true  as  long  as  the  sample  continues  pulsing.  However,  the 
thought  is  contradicted  by  the  fact  that  all  pulsing  stops  after  Some  time  (for 
pure  polymers  only,  fiber  filled  materials  can  pulse  virtually  forever,  refs  3, 

28,  1(1). 

A better  interpretation  would  be  similar  to  the  common  high  voltage  capacitor 
pre-breakdown  pulse  explanation.  In  this  case,  if  one  first  applies  in1’  V/ cm  to  a 
dielectric  small  pulses  are  seen  which  eventuall>  stop.  Presumably  the  weakest  spots 
have  been  relieved.  Raising  the  field  to  2 X 10^  V/cm  introduced  more  pulsing 
which  also  stops,  presumably  relieving  more  weak  spots.  In  the  case  of  radiation,  a 
higher  dose  rate  simply  causes  the  high  field  strength?  to  evolve  more  rapidly  but 
once  equilibrium  fields  are  attained  pulsing  will  soon  stop. 

Pulses  Caused  by  Changing  Spectra 

After  an  irradiation  has  progressed  to  electric  field  equilibrium  and  pulsing 
appears  to  have  stopped,  further  pulsing  is  only  occasional.  However,  a change  in 
radiation  energy  spectrum  will  cause  a relatively  rapid  redistribution  of  electric 
field  strength.  This  redistribution  can  cause  new  weak  spots  to  find  themselves  in 
a high  field  region  and  pulsing  can  begin  again.  Such  an  effect  has  been  seen 
( ref.  28) . 


Do  Punchthrough  Breakdowns  Occur? 

Whenever  insulators  are  irradiated  in  air  (the  air  ions  hold  the  surface  at  ground 
potential)  the  resulting  tree  exits  from  only  one  surface;  no  punchthrough  occurs. 
This  happens  for  good  reason;  the  electric  field  distribution  will  not  propagate  a 
streamer  all  the  way  through  the  insulator.  The  streamer  stops  propagating  when 
the  field  at  its  tip  goes  to  zero  (figs.  4 and  5).  Given  a constant  spectrum  it  is 
unlikely  that  conditions  can  be  created  to  get  a streamer  all  the  way  through  the 
insulator  by  normal  streamer  propagation  mechanisms. 

However,  if  one  streamer  has  been  formed  and  the  spectrum  changes  then  a new 
Streamer  may  occur  and  intersect  the  earlier  streamer's  hollow  tunnels.  The  force 
of  high  pressure  then  may  drive  the  new  streamer  through  the  old  tunnels  and 
seemingly  penetrate  through  the  sample.  This  occurrence  appears  to  me  to  be  very 
infrequent . 

On  the  other  hand,  if  one  looks  at  figure  A it  is  possible  for  streamers  to  occur 
at  the  rear  electrode  and  propagate  to  within  0.1  micron  of  the  front  surface.  In 
this  event  it  may  be  that  the  pressure  in  the  confined  streamer  is  enough  to  blow 
off  the  0.1  micron  layer  at  some  point  and  effectively  propagate  the  streamer 
through  the  entire  insulator.  Since  I don't  know  the  pressure  developed  in  the 
streamer  nor  do  I know  the  dynamics  of  crater  blowoff,  I can't  discuss  the  con- 
straints on  this  process. 
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Figure  1.  Pictorial  of  current  to  the  electrodes  of  a dielectric  filled  capacitor 
under  constant  dc  bias.  The  non-zero  background  current  is  due  to  dark  conduct- 
ivity in  the  dielectric.  The  pulses  are  called  prebreakdown  events  and  usually 
occur  at  fields  of  10^  V/cm  or  higher.  Pulse  sizes  vary  but  are  small,  commonly 
of  order  picocoulombs. 
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Figure  2.  The  measured  current  in  a wire  connecting  two  electrodes  is  the  spatial 
integral  of  the  currents  in  the  space  between  the  two  electrodes.  The  distance 
between  the  electrodes  is  "A"  in  this  figure. 
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Figure  3.  Once  a streameer  forms  in  the  dielectric  the  streamer  tip  propages 

parallel  to  the  E field  at  10^  m/sec.  The  streamer  probably  starts  at  or  near 
the  surface. 
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Figure  4.  Calculated  electric  field  strengths  versus  depth  from  the  surface  of 
myler  irradiated  by  10  keV  electrons  at  10”^  A/cm^.  The  irradiated  front 
surface  of  the  1 mm  thick  mylar  is  floating  while  the  rear  surface  is  grounded. 
The  irradiation  begins  at  0 seconds.  It  is  important  to  note  that  these  results 
are  obtained  under  the  assumption  that  radiation  generated  charge  carries  do 
not  drift  beyond  100  angstroms  which  is  known  to  be  incorrect.  However,  the 
drift  rate  and  the  distance  travelled  before  deep  trapping  is  not  well  known 
but  5 micron  drifts  have  been  seen  in  ten  minute  experiments.  Such  effects 
would  cause  these  E fields  to  become  larger  while  the  depth  at  which  E=0  slowly 
drifts  to  deeper  depths,  perhaps  a few  microns. — 
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Figure  5.  Calculated  electric  fieLd  profile  in  25  micron  thick  mylar  with  both 
surfaces  grounded.  The  front  surface  (zero  depth)  is  irradiated  by  20  keV 
elections  beginning  at  zero  seconds.  Increasing  the  thickness  of  the  mylar 
would  not  change  the  results  at  depths  between  0 and  5 microns. 
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Figure  6.  Typical  irradiation  geometry.  This  simple  structure  Is  inside  a metallic 
vacuum  chamber.  The  front  surface  can  be  left  floating  or  it  can  be  grounded 
by  application  of  a very  thin  conductive  coating. 
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Figure  7.  Floating  front  surface  potential  as  a function  of  time  during  irradiation 
as  described  in  figure  6.  The  precipitous  drops  in  potential  are  due  to  dis- 
charges. This  is  a typical  (but  not  a particular  experiment)  result  but  other 
results  have  been  observed  also,  including  for  example  no  discharges. 
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Figure  8.  Meter  currents  resulting  from  a discharge  in  which  actual  charged 

particles  do  not  reach  the  electrode.  The  electric  field  change  is  responsible 
for  the  metered  current.  Since  we  can't  know  the  charged  particle  trajectories, 
we  must  determine  I from  this  displacement  current  alone.  Here,  V is  volume. 

We  can  make  an  estimate  of  the  total  change  in  E and  the  volume  in  which  it 
ocurs  even  though  E/6t  is  indeterminate. 
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Figure  9.  Measured  rear  electrode  current  at  late  times  in  a.  long  irradiation  by  a 
broad  energy  spectrum.  0e  is  the  equilibrium  front  surface  potential. 

E£  is  the  electron  energy  below  which  all  incoming  electrons  produce  no  net 
meter  current  due  to  back  emitted  electron  effects.  6(e)  is  the  back 
emitted  current  for  a current  of  incident  electrons  at  initial  energy  e. 
eft  is  usually  a few  keV  above  0e.  This  figure  depicts  why  the  simplified 
solution  in  eq.  21  is  a good  approximation  since  6 is  nearly  constant  above  eft. 
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DISCHARGE  CHARACTERISTICS  Of  DIELECTRIC  MATERIALS  EXAMINED  IN  MONO-,  DUAL-, 
AND  SPECTRAL  ENERGY  ELECTRON  CHARGING- ENVIRONMENTS* 


P.  CoakleyuJI.  Treadway,  N.  Wild,  and  B.  KUterer 

Jaycor 

San  Diego,  California  92138 
1.  INTRODUCTION 

In  an  effort  to  explain  the  effects  of  mid*energy  electrons  (25  to  100  keV)  ori 
the  charge  and  discharge  characteristics  of  spacecraft  dielectric  materials  and 
expand  the  data  base  from  which  basic  discharge  models  can  be  formulated,  thin 
dielectric  materials  were  exposed  to  low-  (1  ta  25  keV),  mid-  (25  to  100  keV), 
combined  low-  and  mid-,  and  spectral-  (1  to  100  keV)  energy  electron  environments. 
This  effort  has  produced  three  important  results.  First,  it  has  determined  electron 
environments  that  lead  to  dielectric  discharges  at  potentials  less  negative  than 
-5  kV.  Second,  this  effort  Has  identified  two  types  of  discharges  that  appear  to 
dominate  the  kinds  of  discharges  seen:  those  with  peak  currents,  I » 10  A and  pulse 
widths,  t > 300  ns,  and  those  with  I < 5 A and  t < 20  ns.  Third,  this  effort  has 
shown  that,  for  the  thin  dielectric  materials  tested,  the  worst-case  discharges 
observed  in  the  various  environments  are  similar. 

Previous  laboratory  experiments  have  focused  on  the  effects  of  monenergetic  low- 
energy  electron  charging  and  discharging  of  various  spacecraft  dielectric  materials 
(Ref.  1).  These  experiments  showed  that*  for  samples  with  electrically-grounded 
substrates,  discharges  occurred  only  when  surface  potentials  exceeded  -5  kV.  The 
discharges  blew  off  more  than  30%  of  the  stored  charge  (Ref.  2)  and  the  pulse  widths 
of  the  discharge  currents  scaled  in  size  as  the  square  root  of  the  sample  area 
(Ref.  3).  The  discharges  brought  the  sample's  surface  potential  down  generally  less 
negative  than  -5  kV.  For  samples  comparable  in  area  and  thickness  to  the  samples 
that  we  tested,,  the  pulse  amplitudes  were  much  greater  than  10  A and  the  pulse  widths 
equaled  or  exceeded  300  ns.  These  laboratory  data  are  in  apparent  disagreement  with 
satellite  data  that  indicate  for  satellites  in  geosynchronous  altitude  environments, 
discharges  occur  when  surface  potentials  are  less  than  -2  kV  (Refs.  4 and  5). 
Furthermore,  data  from  ATS5  and  ATS6  indicate  that  discharges  occur  in  bunches  and 
that  as  many  as  80  discharge  events  have  occurred  in  a single  hour  (Ref.  6).  This 
latter  observation  implies  that  discharges  on  satellites  may  not  cleanse  the  entire 
surface  of  stored  charge  and  perhaps  occur  as  small  localized  events. 

This  paper  discusses  the  results  of  our  monenergetic,  dual -energy  and  spectrum- 
energy  electron  tests  performed  on  seven  dielectric  samples:  Teflon,  Optical  Solar 

Reflector  (OSR),  Alphaquartz,  Kapton,  perforated  Kapton,  Mylar,  and  a "nude"  Space 
Transportation  System  (STS)  tile.  Section  2 describes  the  experimental  apparatus  and 
electron  simulation  environment.  Section  3 discusses  the  general  trends  found  In  the 
data,  comparing  the  samples  with  each  other  with  emphasis  on  the  four  electron 
environments:  monoenergetlc  low-,  monoenergetic  mid-,  dual-,  and  spectrum-energy 

electrons.  Finally,  In  Section  4 we  present  conclusions. 

*Work  sponsored  by  the  Air  Force  Weapons  Laboratory  and  NASA  Lewis  Research  Center 
under  Contract  No.  F29601-82-C-0015. 
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2.  EXPERIMENTAL  APPARATUS  AND  ELECTRON-SIMULATION  ENVIRONMENT 


The  experiments  were  performed  In  a 1.3-m  long,  1 ,3-m  diameter  vacuum  chamber, 
shown  in  Figure  l.  Thlrty-cm  diameter  test  samples  were  positioned  20  cm  off  the 
door  at  one  end  of  the  chamber,  and  two  Kimball  Physics  monoenergetl e-electron  guns 
pointed  toward  the  samples.  Pressures  in  the  test  chamber  during  experimental  tests 
measured  In  the  mid- 10"7  torr  regime.  The  energy  of  one  of  the  two  guns-ranged  from 
1 to  100  keV,  whereas  the  range  of  the  other  gun  went  from  1 to  25  kcV.  The  maximum 
current  output  of  the  two  guns  measured  400  uA.  For  sample  exposure  tests  the  beam 
current  density  measured  in  the  plane  of-the  test  Sample  was  generally  held  between 
0.03  and  3 nA/cnr.  For  monoenergetic  exposure  tests  the  beam  of  each  gun  was 
rastered  over  the  entire  sample  end  of  the  chamber  using  pairs  of  the  Helmholtz  colls 
driven  with  alternating  currents  at  frequencies  of  60  Hz  horizontal  and  103  Hz 
vertical . The  rastered  beams  produced  a time-averaged  flux  across  the  sample, 
uniform  to  within  +15%  for  electrons  from  the  low-energy  gun  and  to  within  +7%  for 
electrons  from  the  mid-energy  gun. 


2.1  SPECTRAL  SOURCE 

Our  electron  spectral  source  used  the  two  Kimball  Physics  electron  guns  and  two 
high-voltage  biased  disc-shaped  scattering  foils.  Each  scattering  foil  consisted  of 
several  thicknesses  of  aluminum  sheets,  ranging  in  size  from  0.04  mils  to  2.0  mils 
thick,  and  configured  as  wedges  to  a pie.  Monoenergetic  electrons  incident  on  a thin 
foil  lose  energy  and  intensity  as  they  scatter  through  the  foil,  depending  on  the 
relative  thickness  of  each  aluminum  scatterer.  The  average  scattered  electron  energy 
<ES>  approximately  equals  the  average  energy  lost,  dE/dX I E , times  a foil  thickness, 
&X,  and  subtracted  from  the  incident  electron  energy  £0,  0 

<E  > - E-  - dE/dx|,  • AX  . (1) 

o 

The  average  scattered  electron  energy  has  nearly  a linear  dependence  on  foil 
thickness  and  a weak  functional  dependence  on  average  energy  lost  [i.e.,  dE/dX 
depends  weakly  on  E0  (Ref.  7)].  The  electron  transmission  intensity  has  a power 
series  dependence  on  the  foil  thickness  or  incident  electron  energy.  The  thinner  the 
foil  or  the  higher  the  incident  electron  energy,  then  the  greater  the  transmitted 
electron  intensity. 

By  adding  a high-voltage  bias,  V,  to  the  scattering  foil,  one  then  has  for  the 
average  scattered  electron  energy 


<ES>  = (Eq  + V)  - (dE/dXlE  +v)  . AX  - V 

0 

(2) 

<E  > = E - (dE/dXU  v)  • AX 

co  ' 

(3) 

Any  electrons  incident  on  the  scattering  foil  pick  up  an  energy,  V,  when  they  hit  the 
foil . With  a total  energy  of  E0  + V they  scatter  through  the  foil . They  give  up  the 
added  potential  energy  V (the  last  term  in  Eq.  2)  when  they  pass  close  to  any 
grounded  surface,  e.g.,  a test  sample.  Compared  with  the  unbiased  foil,  the 
scattered  electron  energy  changes  by  a small  amount  since  it  depends  weakly  on 
dE/dX I E +v,  whereas  the  scattered  electron  intensity  becomes  greatly  enhanced. 
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This  high-voltage  bias  technique  makes  an  Impact  when  one  tries  to  produce  1-  to 
10-keV  scattered  electrons  using  an  Incident  IfnkeV  electron  beam  and  when  trying  to 
produce  12-  to  30-keV  scattered  electrons  using  an  incident  85-keV  electron  beam. 
Without  high-voltage  bias,  it  becomes  next  to  impossible  to  produce  a flux  of 
scattered  1-  to  S-keV  electrons  with  an  incident  electron  beam  of  10  keV  or  above 
due  to  the  attenuation  of  the  Incident  beam  in  the  foil.  We  enhanced  the  flux  by  an 
order  of  magnitude  when  exposing  a 0.22-mi-l  foil  with  16-keV  electrons  (comparing 
results  with  and  without  a IfS-kV-iol  1 bias! . 

Figure  2 shows  a graph  of  Spectrum  1,  dN/dE  a const.,  that  was  produced  using  the 
high-voltage  biased  foil  technique.  The  multiple  curves  at  the  bottom  of  the  graph 
are  the  scattered  electron  spectra  produced  from  each  given  foil  thickness  and 
area.  There  were  16-keV  electrons  incident  on  the  0. 22-mil.  0. 16-mil,  0.12-mil,  and 
0.06-mil  foils  (all  with  a +15-kV  bias).  The  foils  formed  wedges  of  a pie  through 
which  the  beam  scattered.  The  guns  generated  30  uA  of  16-keV  electrons  and  40  uA  of 
85-keV  electrons,  and  the  foils  scattered  the  electrons  to  a spectrum  energy  of  1 to 
85  keV  and  a current  of  3 uA.  The  resultant  spectrum  was  measured  using  an 
electromagnetic  electron  spectrometer  and  is  indicated  by  a dashed  Jine  orv  the 
graph.  We  generated  Spectrum  2,  dN/dE  « E"  ,„and  Spectrum  3,  dN/dE  « E“2,  using  this 
technique  with  different  foil  combinations. 

Source  electron  diagnostics  consisted  of  an  electromagnetic  spectrometer  and  an 
array  of  Faraday  cups.  The  Faraday  cups  measured  4 cm  deep  and  had  an  entrance 
aperture  measuring  1.2  cm2.  The  Faraday  cups  were  positioned  at  eight  points  around 
the  sample.  If  viewed  from  the  gun  end  of  the  chamber  the  cups  were  located  at 
12  o'clock,  3 o'clock,  6 o'clock,  and  9 o'clock.  At  each  of  the  four  dialed 
positions,  one  cup  rested  close  to  the  sample  and  another  near  the  edge  of  the  back 
blowoff  plate  (see  cross-sectional  view  in  Fig.  1).  The  spectrometer  was  used  to 
measure  the  electron  energy  distribution  during  spectral  tests.  Sample  charge 
diagnostics  Included  an  electrostatic  voltmeter  (ESV;  details  of  which  may  be  found 
in  Ref  .-  2).  Discharge  diagnostics  consisted  of  a back  blowoff  plate,  situated 
between  the  samples  and  the  chamber  door,  a blowoff  liner  spanning  the  distance 
between  the  samples  and  the  electron  guns,  and  a substrate  disc  Clamped  to  the 
dielectric  samples.  Figure  1 shows  a side  view  of  the  diagnostics  and  Figure  3 shows 
a conceptual  view.  The  blowoff  liner,  back  plate,  and  substrate  were  electrically 
connected  to  ground  using  numerous  resistors  connected  in  parallel  to  form  a low- 
inductance  1-n  path  to  ground  (twenty  20-n  resistors  for  the  blowoff  liner,  eighty- 
two  82-0  resistors  for  the  back  blowoff  plate  and  twelve  12-0  resistors  for  the 
substrate).  Electrons  that  blew  off  the  sample  produced  negative  current  signals  on 
the  two  blowoff  diagnostics  and  produced  a positive  signal  on  the  substrate. 

The  Signals  produced  on  the  substrate  and  liners  during  a discharge  event  were 
monitored  using  Tektronix  7903  oscilloscopes  with  7A19,  50-o  impedance  plug-ins.  - 
Data  channels  were  time-tied.  All  the  scopes  were  triggered  simultaneously  using  a 
pulse  sent  from  a fiducial  generator  and  fan-out  box.  The  fiducial  generator  was 
triggered  only  when  discharge  currents,  as  measured  on  the  substrate,  were  greater 
than  a preset  value  (generally  selected  between  0.02  and  0.5  A).  A sample  of  a time- 
tied  discharge  event  is  shown  in  Figure  4.  All  graphs  presented  in  this  paper  key  on 
the  substrate  current  trace. 


3.  GENERAL  TRENDS  IN  THE  DATA 

This  section  discusses  the  charge  and  discharge  properties  that  the  dielectric 
samples  as  a unit  exhibited  in  the  four  types  of  electron  tests  - monoenergetic  low. 


513 


mcnoenergetic  raid,  dual,  and  spectrum.  It  compares  the  results  obtained  in  each  test 
in  terms  of  sample  surface  potential,  discharge  amplitude,  and  time  rate  of  change  of 
a.  discharge.  The  samples  consisted- of  5 sheet  dielectric  samples  - Teflon  (5  mil); 
OSR  (8  mil),  Kapton  {2  mil),  perforated  Kapton  (5  mil),  and  Mylar  (2  mil);  and 
2 porous  dielectric  samples  - Alphaquartz.  and  a "nude"  STS  (Space  Transportation 
Systems)  tile.  The  OSR  sample  was  formed  from  an  array  of  20  cells  and  constituted  a 
segmented  dielectric  sample  and- the  perforated  Kapton  sample  had  a repeating  hole 
pattern  in  the  form  of  squares  spaced-  every  0.9  cm.  The  "nude-  STS  tile  had  no 
thermal  paint  and  since  electrons  of  energy  100  keV  or  less  cannot  penetrate  the 
thermal  paint  that  exists  on  actual  shuttle  tile,  the  results  should  not  be 
extrapolated  to  anticipated  space  shuttle  environments-. 


3.1  LOW-ENERGY  ELECTRON  TEST-RESULTS 

Several  interesting  results  were  noted  when  exposing  the  seven  samples  to  low- 
energy  electrons.  First,  none  of  the  samples  discharged  when  exposed  to  electrons  of 
energy  8 keV  or  less.  Second,  the  nonporous  samples  exhibited  two  distinct  types  of 
discharges:  (1)  small  discharges  with  I < 5 A and  ipWuM  < 20  ns  accompanied  by  no 
change  in  the  sample  surface  potential,  and  (2)  large  discharges  with  I » 10  A and 
tFWHM  > 300  ns  accompanied  by  a change  in  the  samples's  surface  potential  equal  to  or 
exceeding  half  the  initial  potential.  Third,  the  porous  samples  exhibited  only  small 
discharges  I < 5 A and  < 50  ns.  Fourth,  the  porous  samples  discharged  with 

surface  potentials  at  or  less  than  -1.1  kV  and  the  nonporous  samples  had  to  reach 
surface  potentials  exceeding  -5.5  kV  prior  to  discharge.  Finally,  all  samples 
displayed  a discharge  equal  to  their  worst-case  discharge  current  when  exposed  to  25- 
keV  electrons.  Table  1 summarizes  the  worst-case  discharge  characteristics  of  the 
seven  samples.  Except  for  the  Kapton  sample  the  worst-case  discharge  amplitudes 
agree  with  results  found  in  previous  studies.  The  Kapton  sample  produced  its  few 
discharges  only  when  exposed  to  25-keV  electrons  at  16  nA/cmz;  otherwise,  exposed  to 
an  electron  flux  of  1 /iA/cmz  the  Kapton  sample  produced  small  discharges  I < 5 A. 
All  other  samples  coulo  produce  their  worst-case  discharges  when  exposed  to  electrons 
at  fluxes  of  1 nA/cmz  or  less. 

As  noted  in  the  table,  the  perforated  Kapton  sample  produced  a larger  discharge 
than  the  nonperforated  Kapton  sample.  This  result  should  be  alarming;  especially 
since  the  perforated  Kapton  sample  was  developed  to  ward  off  discharges  better  than 
the  nonperforated  Kapton  sample.  Moreover,  Mulenberg  and  Robinson  noted  this 
discharge  characteristic  several  years  ago  (Ref.  8).  (These  data  reaffirm  their 
findings.) 

The  Kapton  samples  displayed  a general  lack  of  ability  to  discharge.  Published 
literature  pertaining  to  Kapton  testing  in  the  laboratory  misleads  one  into  believing 
that  all  Kapton  samples  discharge  [Verdin  1980  (Ref.  9),  Balmain  1980  (Ref.  10), 
Balmain  1979  (Ref.  3),  Adamo  1980  (Ref.  11)].  Every  article  speaks  of  large 
discharges  observed  on  Kapton  samples  and  only  one  article  [Treadaway,  et  al.,  1977 
(Ref.  2)3  mentions  any  difficulty  in  making  a sample  discharge.  Balmain  (Ref.  12) 
confirms  the  misrepresentation  of  the  discharging  ability  of  Kapton  found  in  the 
literature.  Balmain  has  acquired  several  samples  of  Kapton  that  refuse  to 
discharge.  Stevens  (Ref.  13)  has  also  come  across  numerous  Kapton  samples  that  will 
not  discharge.  In  fact,  in  a recent  experiment  performed  by  Leung  and  Plamp 
(Ref.  14),  after  they  failed  to  make  their  sample  discharge  by  electron  exposure 
alone,  Leung  enlisted  the  help  of  Stevens  who  in  turn  suggested  that  a hole  be 
punched  through  the  sample  to  help  it  to  produce  discharges  (Ref.  15).  The 
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experience  of  these  researchers  shows  that  there  exist  batches  of  Kapton  that  would 
make  excellent  spacecraft  Insulators  because  of  their  ability  to  ward  off  discharges. 

3.2  MID-ENERGY  ELECTRON  TEST  RESULTS 

The  general  response  of  the  samples  was  fairly  insensitive  to  the  energy  of 
electrons,  provided  the  electrons  did  not  penetrate  entirely  through  the  sample 
(electrons  greater  than  80  kev  could  penetrate  the  2-mil  Kapton  and  2-mil  Mylar 
samples)  . Figures  6,  6,  7,  and  8 summarize  the  discharge  amplitude  (two  figures),  I, 
rate  of  rise  of  the  pulse,  dl/dt,  and  surface  potential  prior  to  discharge,  V^,  all 
as~a  function  of  incident-electron  energy. 

Pulse  amplitudes  on  the  OSR,  Mylar,  Alphaquartz,  and  STS  tile  show  no  dependence 
on  incident-electron  energy.  Despite  the  fact  that  100-keV  electrons  (50  keV  for 
Mylar)  bury  themselves  much  deeper  than  16-keV  electrons,  the  samples  produced  a 
similar  discharge  at  both  extremes  in  energy.  Even  though  the  perforated  Kapton  and 
Teflon  samples  show  a marked  decrease  in  discharge  amplitude  at  80  keV  and  100  keV, 
they  too  show  little  effect  on  pulse  amplitude  or  shape  from  15  keV  to  75  kev  despite 
the  fact  that  for  Kapton  the  practical  ..range  of  2 5-keV  electrons  is  8 x 10”4  cm  and 
for  75-keV  electrons  it  is  5.4  x 10"3  cm  (6  x 10“4  cm  and  4.4  x 10"3  cm  for 
Teflon) (Ref.  7). 

Figure  7 shows  that  the  rate  of  rise  of  the  pulse,  dl/dt,  is  certainly 
Independent  of  energy,  and  appears  to  be  independent  of  sample.  All  samples  except 
the  Alphaquartz  sample  had  dl/dt  - 5 x 108  A/s,  The  Alphaquartz  sample  had  dl/dt  - 5 
x 10®  A/s.  Large  discharges  and  small  discharges  had  similar  dl/dt.  Furthermore, 
visual  observations  made  of  the  discharges  on  Teflon  indicate  that  a bright  flash 
from  a localized  spot  can  be  associated  with  both  types  of  discharges  (Where  large 
discharges  have  a dimmer  and  very  broad  flash  that  covers  the  entire  sample  together 
with  the  bright  localized  arc).  These  observations  may  indicate  that  (1)  a similar 
discharge  process  initiates  both  small  and  large  discharges,  and  (2)  the  discharge 
process  may  be  the  same  sample  by  sample. 

Figure  8 shows  the  sample  surface  potential  prior  to  discharge.  Note  that  the 
predischarge  surface  potential  remains  the  same  or  slightly  increases  for  increasing 
electron  energy.  One  would  think  that  if  the  bulk  electric  field  determines  the 
potential  at  breakdown,  then  the  closer  the  charge  is  buried  to  a grounded  substrate, 
the  lower  the  potential  required  to  equal  a given  field  and  hence  initiate  a 
discharge.  The  data  disagree  with  this  simple  model . Despite  the  difference  between 
the  practical  range  of  16-keV  electrons  (2.4  x 10“4  cm)  and  100-keV  electrons  (6.4 
x 10”3  cm)  on  the  2.16  x 10_z  cm  thick  OSR  sample,  the  potential  at  discharge  went 
from  -6.5  kV  for  16-keV  exposure  to  -12  kV  at  100-keV  exposure  (instead  of  something 
less  negative  than  -6.5  kV) . As  a further  note,  the  sheet  dielectric  materials  of 
Mylar,  Teflon,  and  Kapton  had  breakdown  potentials  close  to  106  V/cm  breakdown 
threshold  electric  field  times  the  sample's  thickness.  The  perforated  Kapton  and  OSR 
sample  produced  discharges  at  potentials  approximately  one  quarter  of  the  bulk  field 
threshold  times  sample  thickness.  Finally,  the  porous  samples  displayed  discharges 
at  very  low  potentials  compared  to  their  thickness  and  any  supposed  net  threshold 
field. 

3.3  COMBINED  LON-  AND  MID-ENERGY  ELECTRON  TEST  RESULTS 

Figures  6,  7,  and  8 also  sumnarize  data  obtained  from  combined  energy  electron 
exposure  tests  (see  left-hand  portions  of  the  graphs). 
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The  pulse  amplitudes  observed  in  the  combined  energy  tests  are  smaller  than  the 
pulses  found  in  monoenergettc  tests.  In  fact,  the  small  discharges.  I < 5 A, 
observed  in  the  monoenergetlc  tests-  appear  identical  to  most  discharges  seen  In  the 
combined  energy  tests. — These  discharges  have  I < 5 A- -and  xewhm  < 20- ns. 

Despite  the  small  pulse  amplitude.  Figure  7 shows  that  dl/dt  for  the  combined- 
energy  produced  discharges  remains  near  108  A/s.  Moreover,  the  discharges  observed 
in  this  electron  environment  occurred  when  the  samples  had  a much  reduced  surface 
potential  compared  to  monoenergetic  tests.  The  Teflon,  perforated  Kapton  and  STS 
tile  produced  discharges  in  all  combined-energy  electron  envi ronments , even  when 
their  surface  potentials  were  as  low  as  -L  kV  (0  kV  for  the  STS  tile) . The  Mylar  and 
OSR  samples  produced-  discharges  when  surface  potentials  were  less  negative  than 
-5  kV,  but  required  a structured  potential  surface  with  a variation  of  1 kVL  or 
greater  across  the  plane  of  the  sample.  Hie  Teflon  and  perforated  Kapton  samples  did 
not  require  any  potential  structuring  in  order  to  produce  discharges*  The  Kapton  and 
Alphaquartz  samples  did  not  discharge  in  a combined-energy  electron  environment  when 
their  surface  potential  was  kept  less  negative  than  -5  kV. 

A simple  qualitative  model  can  explain  the  reduced  potentials  at  discharge  for 
combined  low-  and  mid-energy  electron  exposures  compared  to  the  discharge  potentials 
with  mid-energy  electrons  alone.  Leung*  et  al . (Refs.  16  and  17)  have  demonstrated 
experimentally  that  the  surface  potential  of  a dielectric  sample  can  be  varied  over  a 
considerable  range  by  irradiating  with  electrons  of  two  energies.  Moreover,  they 
showed  that  the  surface  potential  is  a strong  function  of  the  secondary  electron- 
emission  properties  of  the  test  dielectric  due  to  the  low-energy  incident 
electrons.  Where  only  mid-energy  electrons  are  used,  the  charge  is  stopped  at  some 
average  depth,  a fraction  of- its  practical  range,  Rp,  beneath  the  surface  of  the 
sample.  An  electric  field,  established  between  thepburied  charge  and  the  sample 
substrate,  increases  as  more  charge  is  deposited.  If  the  breakdown  threshold 
electric  field  is  exceeded  at  a critical  point  in  the  sample  (not  necessarily  the 
bulk  of  the  material),  then  a discharge  will  occur.  The  surface  potential  of  the 
sample  at  such  an  instance  reflects  the  electric  field  integrated  over  a line  path 
from  the  substrate  to  the  charge  layer. 

When  low-energy  electrons  are  combined  with  the  mid- energy  electrons,  the 
trajectories  of  the  mid-energy  electrons  will  not  be  affected  significantly  so  they 
will  again  be  deposited  at  a depth  Rp  into  the  sample.  However,  as  the  surface 
potential  increases  due  to  the  trapped  electrons,  the  low-energy  electrons  will  reach 
the  second  crossover  for  secondary  electron  emission  from  the  surface.  Thereafter, 
the  low-energy  electrons  will  emit  more  than  one  electron  per  incident  electron  and 
the  surface  of  the  sample  will  become  positively  charged.  The  electric  field  inside 
the  dielectric  will  then  consist  of  a positive  field  from  the  substrate  to  the 
trapped  mid-energy  electrons  and  a negative  field  from  those  trapped  electrons  to  the 
sample  surface.  The  surface  potential  will  then  be  the  line  Integral  of  these  two 
fields.  A discharge  could  occur  if  either  of  the  two  fields  exceeds  the  threshold 
field  at  some  critical  point. 


3.4  SPECTRAL- ENERGY  TEST  RESULTS 

Figures  6,  7,  and  8 also  summarize  spectral  test  discharge  characteristics  of  the 
four  samples  tested  (Teflon,  OSR,  Alphaquartz,  and  Kapton),  this  time  on  the  right- 
hand  side  of  the  graph.  Several  important  trends  are  noted  in  the  figures. 


v 
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a.  The  worst-case  discharges  observed  in  the  spectral  tests,  particularly  the 
dN/dE  «M:onst.  (.Spectrum  1L,  equals  the  worst-case  discharges  seen  in  monoenergetic 
tests^. 


b.  The  OSR  and  Tefon  samples  produced  predominantly  two  types  of  discharges: 
large  discharges  with- 1 »-  10  A and  Tm  > 300  ns,  and  small  discharges  with-LxJi  A 

and  ttWHM  < 20  ns  * — 


c.  A rarely  seen  mid-size  discharge  was  observed  and  after  close  scrutiny  of  the 
monoenergetlc  test  results  we  have  concluded  two  things:  (1)  the  mid-size  discharges 
appeared  in  monoenergetic  tests  as  well,  and  (2)  the  mid-size  discharge  is 
accompanied  by  a structured  surface  potential  before  discharge.  For  the  Teflon 
sample,  the  mid-size  discharge  has  a mid-size  amplitude  5 A < I < 100  A and  mid-size 
pulse  width  20  ns  < Tpuufjj  < 300  ns.  Figures  9 and  10  summarize  these  data  for  the 
Teflon  sample-  Note  that  most  discharges  on  Teflon  are  large  or  small,  but  that 
there  are  only  a few  discharges  with  pulse  amplitudes -between  5 and  100  A— 

It  is  also  interesting  to_  note  that  Balmain's  discharge  area  scaling  laws. 
(Ref.  18)  may  be  applied  here  in  order  to  infer  the  area  at  a discharge  site. 
Balmain  found  three  laws:  1 « A1'2,  <*  A1'2,  and  I/tpy^  = const,  (where  A was- 

the  area  of  the  sample  and  in  this  case  represents  the  area  of  the  discharge  site). 
Assuming  that  the  pulse  duration  is  determined  by  the  propagation  time  of  an  arc 
across  the  sample,  i.e.,  A = if(TV}2  where  V « /i/r  is  the  discharge  propagation 
velocity,  Balmain  found  V » 3 x IQ7  cm/s.  Balmain's  measured  value  for  I/t  was  2.8 
x 10°  A/s.  from  the  dashed  line  in  Figure  10,  values  for  I/t  are  seen  to  span  the 
range  7 x 10'  to  7 x 108  A/s-.  This  yields  an  average  propagation  speed  of  3-.5  x_107 
cm/s.  Thus,  a 5-ns  wide  pulse  would  have  art  implied  discharge  site  area  Of 

0.1  cm2.  The  rarely  observed  mid-size  discharges  would  have  discharge  areas  covering 
up  to  one  half  the  sample's  area,  and  the  large  discharge  pulses,  with  tcuum 
~ 300  ns,  appear  to  cover  nearly  the  entire  surface  area. 

d.  The  substorm-like  spectral  tests.  Spectrum  3 tests,  produced  discharges  only 
on  the  Teflon  sample.  However,  it  kept  all  samples  from  charging  more  negatively 
than  -5  kV.  Thus,  the  effect  of  secondary  electron  emission  is  Important  in 
determining  the  sample's  potential. 

e.  The  Alphaquartz  and  Kapton  samples  exhibited  the  charge  and  discharge 
characteristics  that  they  exhibited  in  all  their  monoenergetic  tests.  Both  samples 
charged  to  only  a few  kV  when  exposed  to  electrons  at  fluxes  less  than  1 nA/cmS.  and 
both  samples  warded  off  any  large  discharges.  If  a material  selection  were  based  on 
these  tests  alone,  the  Kapton  and  Alphaquartz  samples  would  make  excellent  spacecraft 
charge  and  discharge  control  materials. 


4.  CONCLUSIONS 

a.  For  worst-case  testing  of  satellite  dielectrics,  monoenergetic  25-keV 
electron  beams  should  be  sufficient  to  bound  the  amplitude  and  pulse  width  of 
discharges  anticipated  in  both  enhanced  and  natural  space  environments  without 
significant  over  or  understress. 

b.  Dual-energy  and  spectral -energy  electron  environments  can  generate  sample 
discharges  while  maintaining  low  surface  potentials.  Low-energy  electrons  can  cause 
enough  secondary  emission  to  keep  the  surface  potential  low  while  the  mid-energy 
electrons  deposit  enough  charge  to  produce  discharges.  This  result  should  help 


* 
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explain-  why  and  how  low  surface  potentials  can  be  measured  at  the  time  of  discharge, 
on  operational  satellites* 

c.  Two  distinct  types  of  discharges  are  noted:  small  discharges  with  small 

amplitude  and-pulse  width.  (I  < 5 A and_t  < 20  ns),  and  large  discharges  with  large 
pulse  widths  (I  » 10  A and  t > 300-  ns). _ The  large  discharges  have  been  well, 
characterized  in  previous  studies.-  These  discharges  are  accompanied  with  large 
changes  in  surface  potential  and  act  to  cleanse  the  sample  of  stored  charge.  The 
small  discharges  have  gone  relatively  unmentioned  1w  previous  work  and  appear  to  not 
change  the  sample's  surface,  potential  nor  release  much  of  the  stored  charge  (much 
less  than  0.1%).  The  small  discharges  may  give  way  to  the  large  discharges  when  the 
appropriate  environmental  conditions  are  met  (namely  surface,  potentials  exceeding 
negative  5 kV)„, 

d.  For  the  thin  dielectric  samples  that  were  tested,  the  Alphaquartz  and 

nonperf orated  Kapton  samples  appear  to  be  best  suited  to  ward  off  large  discharges. 
The  samples  produce^  only  small  narrow  discharges  when  exposed  to  realistic  fluxes 
(less,  than  0.3  nA/cm^) . A well  documented  data-base  found  in  the  literature  supports 
our  observation  that  Alphquartz  does  not  produce  any  charge-cleansing  large 
discharges.  The  open  literature,  however * reports  that  Kapton  produces  large 

discharges.  Under  reexamination,  though,  many  researchers  confirm  that  it  is 
sometimes  impossible  to  produce  large  discharges  on  selected  Kapton  samples. 
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Table  1.  Characteristics  of  worst-case  discharges 


OSR 

184 

Teflon 

#863 

Perforated 

Kapton 

#638 

Kapton 

#136 

Mylar 

#139 

Alphaquartz 

#904 

STS  tile 
#988 

¥,<kV) 

Potential  prior  to 
discharge 

10.5 

20 

6.1 

15 

13.7 

5.2 

0 

Vf(kW) 

Potential  following 
discharge 

2 

3.3 

0.9 

— 

1.4 

5.2 

0 

<AV>  (kV) 

(Vj-Vf)  average  change 
In  surface  potential 

8.5 

16.7 

5.2 

-- 

12.3 

0 

— 

Peak  discharge  current 

70 

300 

100 

12.5 

425 

0.3 

0.35 

tFHrtl<ns) 

Full -width  at  half-max. 
of  !$uq  vs.  time 

300 

280 

200 

800 

700 

100 

20 

dlSUB/dt  (A/s) 

Peak  change  In  current 
measured  with  respect 
to  time 

3.5  x 108 

1 x 109 

1 x 109 

5 x 10° 

1.2  x 109 

5 x 10® 

4 x 108 
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SIDE  VIEW 


DETAIL  OF  HINGED  DOOR  SECTION 


Figure  1.  Diagram  of  the  test  configuration 


Figure  2.  Energetic  electron  spectrum  from  1 to  100  keV 
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Figure  3.  Diagram  of  charge  motion  and  discharge  diagnostics 
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MYLAR  SAMPLE  SHOT  215 
100  keV  at  0.03  nA/cmZ 
and  25  keV  at  3.0  nA/cm2 


PEAK  CURRENT  SIGNAL  OCCURRED 
800  - 900  ns  AFTER  THE  SCOPES 
TRIGGERED 


LARGE  BLOWOFF  SIGNAL 


TRIGGER  SIGNAL 


Figure  4.  Time-tied  discharge  event  on  Itylar  In  combined-energy  environment 
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WORST-CASE  DISCHARGES 


O MYLAR  O TEFLON 

X OSR 

RE-05939 

Figure  5.  Worst -case  discharges  observed  in  the  four  testing  environments 


DISCHARGE  AMPLITUDE  VS.  ENERGY  OF  BEAM 


SPECTRUM 


ENERGY  OF  BEAM,  keV 


RE-04978A 


Figure  6.  Compilation  of  all  data:  peak  discharge  currents  vs.  electron  energy 

(same  symbol  legend  as  Figure  5) 
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COMBINED 


ENERGY  OF  BEAM  . keV 


SPECTRUM 


RE-04874A 

Figure  7.  Compilation  of  all  data:  dl/dt  vs.  electron  energy 
(same  symbol  legend  as  Figure  5)  


Figure  8.  Compilation  of  all  data:  potential  of  sample  prior  to  discharge 
vs.  electron  energy  (same  symbol  legend  as  In  Figure  5) 
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Figure  9.  Number  of  discharge  occurrences  at  a specific  amplitude:  depicts  void 

of  10  to  100  A discharges 
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Figure  10.  Plot  of  discharge  pulse  amplitude  vs.  pulse  width  showing  a lack  of 

60  to  200  ns  pulse  widths 
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MASS  SPECTRA-HF  NEUTRAL  PARTICLES  RELEASED  DURING  EiECTRICAL 
BREAKDOWN  OF  THIN  POLYMER  FILMS^ 


B.  R.  F.  Kendall 

The  Pennsylvania  State  university 
University  Park Pennsylvania  16802 


Little  is  known  of  the  composition  of  the  neutral  particle  flux  released 
during  the  electrical  breakdown  of  polymer  films.  Mass  spectromctric  analysis 
of  the  particles  is  unusually  difficult  because  of  the  transient  nature  of  the 
event,  the  unpredictability  of  its  exact  position  and  timing,  and  the  very  large 
amount  of  information  generated  in  a period  as  short  as  one  microsecond.  A 
special  type  of  time-of-f light  mass  spectrometer  triggered  from  the  breakdown 
event-  has  been  developed  to  study  this  problem.  Charge  is  fed  onto  a metal- 
backed  polymer  surface  by  a movable  smooth  platinum  contact.  A slowly  increasing 
potential  from  a high-impedance  source  is  applied  to  the  contact  until  break- 
down occurs.  The  breakdown  characteristics  can  be  made  similar  to  those  pro- 
duced by  an  electron  beam  charging  system  operating  at  simiLar  potentials.  With 
this  apparatus  it  has  been  shown  that  intense  instantaneous  fluxes  of  neutral 
particles  are  released  from  the  sites  of  breakdown  events.  For  Teflon  FEP  films 
of  50  and  75  microns  thickness  the  material  released  consists  almost  entirely 
of  fluorocarbon  fragments,  some  of  them  having  masses  greater  than  350  amu 
(atomic  mass  units),  while  the  material  released  from  a 50  micron  Kapton  film 
consists  mainly  of  light  hydrocarbons  with  masses  at  or  below  44  amu,  with 
additional  carbon  monoxide  and  carbon  dioxide.  The  apparatus  is  being  modified 
to  allow  electron  beam  charging  of  the  samples. 


INTRODUCTION 


Because  of  the  scarcity  of  data  on  the  composition  of  the  neutral  and  ior. 
fluxes  from  dielectric  breakdown  events  on  spacecraft,  mass  spectrometric  anal- 
yses of  these  fluxes  are  particularly  important. 

Mass  analysis  of  particles  from  an  electrical  breakdown  involves  a partic- 
ularly difficult  set  of  constraints.  The  event  occurs  essentially  at  a point 
in  space  and  at  an  instant  in  time.  The  exact  position  and  timing  of  the  event 
are  not  known  in  advance.  The  event  produces  a swarm  of  neutral  molecules, 
molecular  clusters  and  ions  of  different  masses  which  radiate  from  the  breakdown 
site  over  a wide  range  of  speeds  and  directions.  At  a distance  greater  than 
a few  cm  from  the  breakdown  site  the  particle  number  density  is  likely  to  be 
quite  low  and  falling  rapidly  because  of  both  speed  variations  and  angular 
dispersion.  The  expanding  gas  and  ion  burst  will  pass  any  given  point  in  a 
time  much  shorter  than  the  time  taken  for  any  conventional  mass  spectrometer 
to  scan  once  through  its  mass  range. 


♦Supported  by  NASA  Grant  NSG-3301. 
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The-  difficult  experimental  conditiftns  listed  above  make  it  essential  to  use 
a mass  spectrometer  in  which  a maximum  amount  of  Output  data  can-  be  obtained  in 
the  shortest  possible  time.  This  effectively  limits  the  Choice  of  spectrometer 
types  to  those  in  which  all  of  the  ions  leaving  the  Ion  source  become  part  of  a 
recorded  output  Signal.  It  was  decided  that  a specially  designed  ttme^of-f light 
mass  spectrometer  offered  the-most  cost-effective  solution. 


MASS  SPECTROMETER 

The  clme-of- flight  mass  spectrometer  mid  the  vacuum  chamber  used  for  its 
development  ace  shown  in  Figure  1.  The  pulsed  two-field  ion  source  (ref.  1)  is 
on  the  left.  Incoming  molecules  are  ionized  by  an  electron  beam  inside  the  ion 
source  and  the  resulting  ions  are  accelerated  in  approximately  monocncrgetic 
bunches  into  the  flight  tube.  The  ions  therefore  reach  the  ion  detector  in 
ascending  order  of  mass,  according  to  the  formula 

1/V 

t**s(m/2eV)  1 


where  t Is  the  flight  time  through  the  flight  tube,  s is  the  length  of  the 
flight  tube,  m is  the  ion  mass,  e is  the  ion  charge,  and  V is  the  potential 
difference  through  which  the  ions  fall  inside  the  source.  With  a 115cm  flight 
tube  and  300V  accelerating  potential,  the  flight  time  of  an  ion  of  mass  100  amu 
is  approximately  47psec. 

A segmented  cylindrical  lens  focuses  the  ion  beam  and  centers  it  on  the  in- 
put of  the  ion  detector.  The  flight  tube  is  operated  at  ground  potential,  rather 
than  at  high  potentials  as  in  most  time-of- flight  mass  spectrometers,  in  order 
to  minimize  electrostatic  interactions  with  the  sample  charging  apparatus.  An 
electron  multiplier  ion  detector  is  used  for  high  sensitivity  and  fast  response. 

It  follows  from  the  equation  for  the  flight  time  of  an  ion  that  the  elec- 
trical signals  leaving  the  ion  detector  represent  a series  of  complete  mass 
spectra,  each  one  having  the  corresponding  source  pulse  at  its  t=0  point.  Any 
number  of  successive  spectra  can  be  displayed,  from  a single  spectrum  up  to  as 
many  as  100  spectra  per  millisecond.  A typical  mass  spectrum  of  residual  gases 
in  the  vacuum  chamber  is  shown  in  Figure  2.  Special  techniques  are  needed  for 
operation  at  repetition  Intervals  faster  than  the  ion  flight  times  (ref.  2)  and 
for  displaying  the  rapidly-changing  spectra  (refs.  3,  4). 

This  mass  spectrometer  was  originally  intended  for  remote  operation  inside 
a N.A.S.A.  space  Simulation  chamber  which  already  contained  the  necessary  elec- 
tron beam  charging  and  sample  monitoring  equipment.  These  plans  had  to  be 
changed  when  it  was  discovered  that  the  operational  lifetime  of  the  sensitive 
electron  multiplier  ion  detector  was  unacceptably  short  in  this  chamber,  apparently 
because  of  oil  contamination  traceable  to  the  early  history  of  its  diffusion- 
pumped  vacuum  system. 

A partial  redesign  was  made  to  allow  electrical  breakdown  experiments  to  be 
done  in  the  turbo-  molecular-pumped  chamber  which  had  been  used  for  the  original 
development  of  the  mass  spectrometer  (fig*  3).  This  solved  the  oil  contamination 
problem  but  imposed  other  difficulties  because  of  the  small  volume  and  pumping 
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capacity.  The  first  experiments  have  been  done  with  a simple  contact  device  feed- 
ing charge  onto  the  insulating  surface.  At  the  same  time  a miniaturised  electron 
beam-  charging  system  is  being  developed. 


DiRECT-CONTACT  EXPERIMENTS 


Figure  4 shows  the  charging  apparatus.  Electrons  are  fed  onto  the  insulating 
surfaces  from  a smooth  platinum  contact.  A slowly  increasing  negative  potential 
from  a hlgh-impedance,  low-capacitance  source  is  applied  to  the  contact  until 
breakdown  occurs.  The  sample  is  held  in  place  oh  a perforated,  rotatable  9cm 
disc  by  a circumferential  retaining  ring. 

The  discharge  current  waveforms,  peak  currents,  and  surface  damage  character- 
istics obtained  with  this  apparatus  can  be  made  similar  to  those  produced  by  a 
high-voltage  electron  beam  charging  system  by  choosing  a suitable  length  (about 
45  cm)  of  coaxial  cable  as  an  energy  storage  line.  A useful  feature  is  that,,  by 
progressively  rotating  the  sample  beneath  the  contact,  the  observed  gas  bursts  can 
be  correlated  with  actual  discharge  sites  left  behind  on  the  sample,  which  can 
then  be  removed-  and  observed  under  an  optical  or  electron  microscope.  Discharges 
normally  occur  within  about  4mm  of  the  contact.  Few  occur  directly  beneath  the 
contact.  Breakdown  voltages  are  similar  to  those  obtained  with  a monoenergetic 
electron  beam  charging  system. 

The  samples  tested  in  the  direct-contact  experiments  were  Teflon  FEP  and 
Kapton  H films  of  50  and  75  micron  thicknesses.  They  were  metallized  on  one 
side  with  silver  overlaid  by  an  Inconel  protective  coating.  No  adhesive  backing 
was  used. 


The  first  tests  with  Teflon  samples  showed  that  an  intense  burst  of  neutral 
fragments  was  being  released  from  each  di^cha.ge.  A large  number  of  peaks  repre- 
senting Teflon  fragments  of  the  form  C^F  could  be  seen  in  each  mass  spectrum. 


The  variation  with  time  of  the  number  density  of  these  Teflon  fragments  was 
obtained  by  using  the  mass  peak  amplitude  signals  to  intensify  a cathode-ray 
oscilloscope  trace,  producing  an  array  of  dots.  By  deflecting  this  display  down- 
wards, a semiquantitative  indication  of  the  various  changes  in  number  densities 
was  obtained.  Such  a display  is  shown  in  Figure  5 with  the  major  peaks  identi- 
fied. A background  spectrum  is  included  for  comparison. 


Close  examination  of  these  and  other  similar  records  showed  that  release  of 
neutral  particles  often  began  just  before  breakdown  with  production  of  hydrocarbons, 
followed  by  a burst  of  fluorocarbons  during  the  actual  breakdown.  Hydrocarbons  are 
visible  in  the  lower  left  photograph  in  Figure  5.  Both  hydrocarbon  and  fluorocarbon 
concentrations  then  fall  witn  a time  constant  of  about  120  msec,  determined  by  the 
volume  and  pumping  speed  of  the  vacuum  system.  The  hydrocarbon  peaks  are  probably 
caused  by  adsorbed  surface  impurities.  Further  work  is  required  to  establish  their 
origins. 

The  most  intense  fluorocarbon  peak  corresponds  to  CF^+  but  ions  up  to  and 
be>  -'d  C^Fg  are  present.  Switching  off  the  ionizing  electron  beam  in  the  mass 
spe  -rometer  ion  source  causes  these  peaks  to  disappear,  showing  that  they  are 
io> ization  products  of  even  iarger  neutral  fragments  and  not  ions  released  directly 
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from  the  discharge.  Far  more  of  these  heavy  ions  were  observed  than  are  present 
in  the  mass  spectrum-of  the  heaviest  fluorocarbons  for  which  published-  data  are 
available  (C,F,,),  suggesting  that  very  large  neutral  fragments,  of  mass  much 
greater  than  350  amu,  were  leaving  the  teflon  surface  during  the  discharge. 

Af-ter  completion  of  the  Teflon- tests,  a 50  micron  Kapton- film  with  metal 
backing  was  installed  in  the  apparatus  and  a new-serles  of  breakdown- measurements 
was  begun-  Results  were  very  different.  The  Kapton  produced  only  light  frag- 
ments, giving  rise  to  mass  spectra  containing  mainly  masses  44,28,  and  L5,  as 
shown  in  the  intensity-modulated  spectrum  of  Figure  6.  It  appears  that  the  mass 
44  peak  represents  C0^  and  C.jH|;  mass  28  is  C0+  and  C2Ut  , and  mass  15  is  CH+  . 

It  should  be  noted  that  Kapton  contains  a substantial  amount  of  oxygen. 

In  general  breakdown  voltages  were  higher  for  a given  thickness  of  Kapton 
than  with  Teflon. 

Figure  7 shows  the  chemical  structure  of  Teflon  and  Kapton.  The  origins  of 
many  of  the  observed  fragment  ions  (formed  in  the  mass  spectrometer  ion  source 
by  electron  bombardment-  of  even  larger  polymer  fragments  released  by  the  dis- 
charge) are  obvious. 


HIGH  SPEED  RECORDING 

Highgresolution  mass  spectra  are  generated  at  such  a rate  in  this  experiment 
(up  to  10  /sec-)  that  even  modern  digital  recorders  are  barely  adequate  for 
following  complex  events.  Photographic  techniques  have  been  used  almost  exclu- 
sively to  date.  Examples  are  the  intensity-modulated  displays  of  Figures  5 and 
6.  When  quantitative  measurements  of  peak  heights  are  desired  an  offset  raster 
display  is  used  as  in  Figures  8 and  9.  Here  successive  conventional  mass  spectra 
(in  this  case  16  per  group)  are  superimposed  upon  one  another,  after  which  the 
oscilloscope  trace  moves  upwards  and  to  the  right  for  display  of  the  next  group. 
Figure  8 shows  the  background  gases  in  the  absence  of  breakdown,  and  Figure  9 
shows  the  burst  of  light  gases  and  polymer  fragments  from  the  breakdown  of  a 50 
micron  Kapton  film. 


ADDITIONAL  RESULTS 

Items  (1)  - (3)  of  Figure  10  summarize  the  results  of  the  experiments 
described  above.  The  figure  also  shows  five  additional  phenomena  which  have  been 
identified  and  studied. 

Secondary  discharges  were  seen  on  several  occasions.  Electrical  breakdowns 
were  triggered  at  distances  up  to  15cm  from  the  site  of  a Teflon  film  breakdown. 
In  some  cases  the  metallic  electrodes  between  which  the  secondary  discharge 
occurred  were  operating  at  less  than  652!  of  their  normal  breakdown  potential 
difference.  Triggering  is  presumably  caused  by  the  burst  of  neutral  and  ionized 
material  from  the  polymer  breakdown  site.  The  effect  probably  occurs  also  with 
Kapton,  but  this  has  not  been  checked.  This  phenomenon  has  been  seen  with  both 
electron  beam  and  direct  charging  of  the  sample. 
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Direct  transfer  Of  teflon  fragments  is  obviously  likely  because  of  the 
large  fragments  observed  in  the  mass  spectrum.  It  has  been  confirmed  by  the 
formation  of  insulating  layers  near  the  breakdown  site  and  by  Instantaneous 
changes  in  the  secondary  electron  emission  coefficient  of  Surfaces  up  to  100cm 
away.  Partial  recovery  occurs  over  a.  period  of  several  days.  The  effect  does 
not  appear  to  occur  with  Kapton,  but  this  point  needs  further  study. 

Indirect  transfer  of  Teflon-has  similar-effects^-  It  appears  to  be  the  result 
of  Teflon,  fragments  striking  an  intervening  surface  and  then  being  almost  instan- 
taneously re-emitted  into  areas  which  are  not  on  a direct  line  of  sight  from  the 
discharge. 

Removal  of  metal  from  the  backing  film  was  detected  with  Kapton  samples.  In 
some  cases  the  Kapton  film  remained  intact  above  the  damage  site.  The  effect  is 
originally  observable  only  under  magnification  but  after  several  months  in  air 
the  holes  are  easily  visible  with  the  naked  eye  because  of  local  discoloration  of 
the  Kapton. 

Photon-induced  desorption  and  electron-induced  desorption  of  adsorbed  gase^ 
from  surfaces  near  discharge  sites  are  to  be  expected  and  have  been  observed.  The 
effect  is  not  directly  linked  with  the  presence  of  a polymer  film,  since  any  spark, 
could  supply  the  necessary  photons  and  electrons.  The  effect  is  about  one  order 
of  magnitude  smaller  than  the  direct  gas  evolution. from  polymer  film  breakdowns. 

CONCLUSIONS 

Many  of  the  phenomena  listed  in  Figure  10  could  have  significant  effects  on 
spacecraft  surfaces.  Jets  of  heavy  polymer  fragments  from  Teflon  discharge  sites 
could  form  insulating  layers  on  adjacent  electrodes,  could  act  as  triggers  for 
gas  discharges,  and  could  change  the  secondary  electron  emission  properties  of 
distant  surfaces.  The  much  lighter  fragments  from  Kapton  may  also  be  capable  of 
triggering  remote  discharges.  The  ejection  of  material  from  the  conducting  back- 
ing of  polymer  films  may  result  in  metallic  contamination  of  nearby  insulation. 
Photon-induced  and  electron-induced  desorption  of  gas  from  surfaces  adjacent  to  a 
discharge'  site  also  occurs  and  adds  to  the  intensity  of  the  observed  neutral- 
particle  pulses. 


REFERENCES 

1.  Wiley,  W.  C.  and  McLaren,  1.  H.  : Time-of-Flight  Mass  Spectrometer  with 

Improved  Resolution,  Rev.  Sci.  Instrum.  Z6,  pp  1150-1157  (1955). 

2.  Kendall,  B.  R.  F.  : Automatic  Data  Processing  for  a Sensitive  Time-of-Flight 

Mass  Spectrometer,  Jour.  Sci  Instrum.  39.  > PP  267-272  (1962). 

3.  Meyer,  R.  T.  : Fast  Recording  Techniques  for  Time-Resolved  Mass  Spectrometry; 

in  "Time-of-Flight  Mass  Spectrometry"  (ed.  D.  Price  and  J.  E.  Williams), 
Pergamon  Press,  London,  1969,  pp  61-87. 

4.  Lincoln,  K.  A.  : Data  Acquisition  Techniques  for  Exploiting  the  Uniqueness 

of  the  Time-of-Flight  Mass  Spectrometer:  Application  to  Sampling  Pulsed  Gas 

Systems;  in  "Dynamic  Mass  Spectrometry"  (ed.  D.  Price  and  J.  F.  J.  Todd), 
Heyden  and  Son,  London,  1981,  pp  111-119. 


529 


I 


c 


Figure  1 


Physical  layout  of  TOFM's 


LN  TIUP 


53 


(10)  n SEPT  82  » (/)14  SEPT  82 


af  ill.  [ b"|  uT  Mass  ft  2 1 18  28  eVjfaiji  i$9  2i8 

L 1 i yyyik 

, r o U.  LL  U.  b.  U.  U.  U.  n.  Ik 

0000  « otfo'tJVff  p’p" 

Figure  5.  - Variations  with  time  of  intensity-modulated  mass  spectrum  associated  with 
point-contact  breakdown  of  50g  Teflon  layer. 
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Lower  Left: 
Lower  Right; 


Background  spectrum,  no  breakdown.  9xlQ“8  Torr. 

Breakdown  at  13  kV.  Approx.  0.01  J. 

Breakdown  at  16  kV.  Multiple  strike. 

Continuous  discharge  through  spark-damaged  area  of  surface  at  12-13  JcV . 
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Figure  6.  - Intensity-modulated  raster  display  for  breakdown  of  50  micron  Kapton 
film  at  18  kV.  Main  peaks  44  (C0|,  C3H8  +),  28  (C0+,  C2H4),  15  (CH3) . 


Figure  7.  - Polymer  structures.  Hydrogen  bonds  omitted  in  Kapton  structure  for 
clarity. 
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Figure  8.  - Background  gas  spectrum  (no  discharge).  Offset  multitrace  raster 
display,  16  spectra  per  trace. 
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Figure  9.  - Contact  discharge  through  50u  Kapton  film  at  16  kV.  Offset  multi- 
trace raster  display,  16  spectra  per  trace. 
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Figure  10.  -Neutral-particle  phenomena  observed  during  electrical  breakdown  of 
polymer  films  (contact  charging).  Insulating  side  of  metal-backed  polymer 
films  indicated  by  (P).  
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Photoyields  and  secondary  electron  emission  (SEE)  characteristics  have  been 
determined  under  UHV  conditions  for  a group  of  insulating  materials  used  in  space- 
craft applications.  The  SEE  studies  were  carried  out  with  a pulsed  primary  beam 
while  photoyields^  were  obtained-with  a chopped  photon  beam  from  a Kr  resonance  source 
with  major  emission  at  123.6  nm.  This  provides  a photon  flux  close  to  that  of  the 
Lyman  a in  the  space  environment.  Yields  per  incident  photon  are  obtained  relative 
to  those  from  a freshly  evaporated  and  air  oxidized  A1  surface.  Samson's  value  of 
^ 2.4%  is  taken  for  the  A1  yield.  Results  are  presented  for  Kapton,  FEP  Teflon,  the 
borosili cate  glass  covering  of  a shuttle  tile,  and  spacesuit  outer  fabric. 


INTRODUCTION 


In  the  use  of  NASCAP  (ref.  1),  a computer  code  which  simulates  charging  of  a 
three-dimensional  object  in  space,  it  is  important  to  have  data  on  electron  yields 
from  the  various  materials  comprising  the  spacecraft  surface.  In  an  on-going  program 
(ref.  2)  pulsed  primary  electron  beam  methods  have  been  developed  to  avoid  charging 
effects  in  yield  measurements  from  insulating  surfaces.  These  studies  are  carried 
out  in  an  ultra  high  vacuum  system  employing  a commercial  double  pass  CMA  which  per- 
mits sequential  Auger  analysis  of  the  surface  and  target  current  measurements  of 
electron  yield  data  as  a function  of  the  primary  energy,  EP.  This  pulsed  beam  tech- 
nique has  been  extended  to  permit  vacuum  ultraviolet  (VUV)  photoyield  measurements  of 
these  insulating  surfaces:  Kapton,  Teflon,  the  borosilicate  glass  surface  of  shuttle 
tile,  and  the  outer  fabric  of  spacesuit  material. 


EXPERIMENTAL  TECHNIQUES 


Target  current  measurements  of  secondary  yield  by  pulsed  electron  beam  methods, 
introduced  in  a study  of  insulating  materials,  have  already  been  discussed  in  refer- 
ence 2.  We  describe  here  the  adaptation  of  this  approach  to  obtain  photoyields.  The 
spectral  range  of  interest  is  restricted  to  the  VUV  because  of  the  photoemission 
threshold  of  most  materials.  We  have  chosen  to  carry  Out  these  preliminary  experi- 
ments with  an  Opthos  VUV  krypton  source  powered  by  a Kiva  Model  MPG  4 microwave 
generator  producing  resonance  lines  at  116.6  and  123.6  nm  with  a relative  intensity 
of  approximately  1 to  7 respectively  (or  1 to  15  after  transmission  through  the  MgF2 
windows).  This  provides  a reasonable  approximation  to  the  relevant  portion  of  the 
Solar  spectrum  with  its  intense  Lyman  H line. 


Work  performed  under  NASA  Grant  No.  NSG-3197 
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As  illustrated  in.  figure  1,  the  Kr  source  is  mounted  on  the  end  of  a cylindrical 
housing  containing  a camera  shutter  to  permit  chopping  of  the  light  beam.  The  beam 
travels  in  an  argon  atmosphere  to  avoid  air  absorption  and  enters  the  UHV-  System 
through  a MgFg  window.  The  incident  beam  intensity  is  determined  by  irradiating  a 
freshly  evaporated  and  air  oxidised  A1  film  of  ^ 150  nm  thickness  deposited  on  a 
glass  substrate  and  using  Samson's  value  (ref.  3)  of  2.4%  yield  per  incident  photon 
at  the  Lyman  Ha.  The  yield  from  freshly  evaporated  samples  is  typically  50%  greater 
than  that  from  samples  exposed  to  air  for  about  10  minutes,  which  corresponds  to  an 
essentially  saturated  value.  It  is  this  result  which  we  assume  corresponds  to  Sam- 
son's yield  but  have  not  placed  this  on  an  absolute  basis  as  yet.  Samples  to  be 
studied  and  the  A1  detector  are  mounted  on  the  faces  of  the  six-sided  rotatable 
carousel . 

A cylindrical  cup  collector  electrode  was  mounted  facing  and  surrounding  the 
sample  on  the  target  as  shown  in  figure  1.  The  collimated  UV  beam  irradiates  the 
sample  by  passing  through  an  aperture  on  the  axis  of  the  collector.  Our  usual  pro- 
cedure was  to  measure  collector  current  with  the  collector  biased  + 22.5  V relative 
to  the  grounded  target.  Typical  currents  ranged  from  0.5  nA  for  relatively  high 
yield  materials  down  to  5 to  10  pA  for  the  lowest  yields.  Although  the  shutter  is 
capable  of  1 millisecond  pulse  lengths,  we  have  been  able  to  avoid  charging  with 
pulses  as  long  as  1 second.  This  has  permitted  use  of  a fast  response  chart  recorder 
to  obtain  a plateau  value  for  the  collector  current  during  each  pulse. 


MATERIALS 


Only  insulating  materials  were  studied  in  this  investigation  and  all  samples 
were  obtained  from  NASA  LeRC.  Table  I summarizes  the  materials  studied  and  includes 
the  preparation  of  rear  surfaces  since  good  electrical  contact  to  the  target  is 
important.  Approximately  2 cm  x 2 cm  samples  were  used  in  the  photoyield  studies 
with  approximately  1 cm  x 1 cm  sizes  employed  in  electron  yield  work.  Dust  particles 
were  removed  by  blowing  dry  nitrogen  across  the  surface  but  no  other  cleaning  steps 
were  used. 

Square  samples  were  cut  from  the  ^ .5  mm  thick  borosilicate  glass  surface  coat- 
ing of  the  shuttle  tile  with  a thin  rotating  disk.  The  silica  fiber  backing  material 
was  brushed  away  to  permit  good  contact  with  indium  foil  in  which  the  sample  was 
embedded.  An  Al  backing  was  evaporated  on  the  rear  surface  of  the  outer  fabric  of 
the  spacesuit  later  to  provide  better  electrical  contact  with  the  target.  As  dis- 
cussed later,  this  fabric  and  to  a lesser  extent  the  shuttle  tile  surface  material, 
exhibited  qualitatively  stronger  charging  effects  than  did  the  Kapton  and  Teflon 
sheet.  The  greater  average  "thickness"  of  the  cloth  1 mm)  means  a reduced  capaci- 
tance and  thus  an  increased  charging  rate,  per  current  pulse. 


RESULTS  AND  DISCUSSION 


Photoyields 

Results,  expressed  as  yields  per  incident  photon,  are  summarized  in  table  II 
with  uncertainties  based  on  the  scatter  of  repeated  measurements.  Systematic  uncer 
tainties,  such  as  the  assumption  that  Samson's  value  of  2.4%  yield  applies  to  a 
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freshly  evaporated  -and  air  oxidized  A1  Surface  or  the  effects  of  surface  contamina= 
tion,  if  present,  are  not  included.  Light  pulses  used  in  obtaining  these  results 
were  generally  1 second  in  duration.  A test  for  charge  accumulation  was  done  by 
repeated  irradiation  in  the  same  location  on  the  sample.  Here  we  discovered  that  for 
the  intensities  employed,  several  (up  to  10)  pulses  could  be  delivered  to  Kapton 
before  the  yield  would  begin  to  drop  - such  a drop  is  taken  as  our  operational  defi- 
nition of  charging.  For  the  white  shuttle  tile,  however,  charging  began  after  only 
one  or  two  pulses  and  -for  the  spacesuit  fabric  on  the  first  pulse. 

We  experienced  some  difficulties  in  measuring  the  highly  insulating  materials 
having  relatively  low  photoyields.  This  is  due,  in  part,  to  low  current  values  cor- 
responding to  the  small  yields  such  that  the  values  are  comparable  to  the  noise.  In 
the  low  yield  insulating  materials  we  also  found  a trend  towards  even  lower  values 
when  we  chose  a modification  of  figure  1 consisting  of  grounding  the  collector,  bias- 
ing the  target  - 22.5  V relative  to  ground  and  measuring  the  target  current.  This 
effect  has  not  been  explored  in  any  detail  as  yet  and  may  be  spurious  since  it  did 
not  appear  for  the  higher  yield  materials.  We  conclude  that  the  results  for  both 
Teflon  and  the  spacesuit  fabric  are  preliminary  and  will  require  further  study. 

Secondary  Electron  Yields 

Results,  using  target  current  measurements  with  pulse  beam  methods  as  described 
in  reference  2,  were  obtained  for  the  materials  in  table  I and  are  presented  in 
figures  2 through  8 where  only  the  total  SEE  coefficient,  a,  is  displayed.  The  pri- 
mary electron  beam  was  slightly  defocussed  to  'v.  2 mm  diameter  and  was  moved  to 
various  locations  on  the  sample  during  a series  of  measurements  to  reduce  surface 
charging  effects.  Kapton  and  Teflon  are  displayed  in  figures  2 and  3 respectively. 

In  figure  4,  figures  2 and  3 are  compared  using  a normalized  scale  on  which  cj/om9X  is 
plotted  vs.  EP/EP  x and  it  is  clear  that  they  are  in  close  agreement.  This  is  in 
contrast  with  themearly  work  of  Willis  and  Skinner  (ref.  4)  in  which  the  Teflon  data 
are  well  above  the  Kapton  results  on  a similar  normalized  plot.  Since  very  different 
samples  were  measured  in  these  two  investigations  and  different  surface  cleaning 
techniques  were  employed,  we  merely  note  these  differences.  Figures  5 and  6 present 
the  SEE  coefficients  for  the  borosilicate  glass  shuttle  tile  surfaces  in  both  as- 
received  and  sputtered  condition.  Soma  difficulties  were  experienced  with  charging 
of  these  samples  because  of  their  thickness  (^0.5  mm)  but  we  feel  the  results, 
while  preliminary,  are  representative  for  reasons  discussed  later.  Results  from  a 
sample  of  microscope  cover  glass  are  also  included  for  comparison  in  figure  7.  In 
each  of  these  Cases,  sputtering  sufficient  to  remove  the  nominal  surface  contamina- 
tion has  reduced  the  SEE  coefficients  substantially. 

Figure  8 contains  preliminary  results  for  the  outer  fabric  of  the  space  suit. 

As  noted  earlier,  the  large  sample  thickness  increased  the  tendency  to  charge.  SEE 
results  for  all  materials  reported  here  are  summarized  in  table  III  to  provide  a 
general  comparison.  EPr  and  EPtt  are  the  primary  beam  energies  for  which  the  total 
SEE  coefficient  is  unity. 

It  is  important  to  note  that  our  usual  method  of  obtaining  SEE  data  for  insulat- 
ing materials  appears  to  reduce  charging  problems,  in  biasing  the  target  negatively 
then  positively  to  obtain  both  the  SEE  coefficent,  o and  6,  at  a given  primary  enery 
EP,  the  surface  charge  is  reduced  in  the  positive  biased  situation  by  electrons 
attracted  back  to  the  surface.  This  is  illustrated  by  the  record  of  multiple  pulses 
(at  EP  = 500  eV)  delivered  to  the  same  location  ir.  the  sample  in  figure  9.  Here,  the 
series  of  dots,  although  they  show  substantial  scatter-,  tend  to  drop  away  much  less 
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from  the  initial  o value  than  do  the  series  of  + points  for  which  the  target  remained 
negatively  biased,  The  latter  points  approach  a unity  value  much  more  closely,  indi- 
cating that  charging  has  brought  the  surface  potential  close  to  the  EPjy,  the  second 
cross-over  value.  The  Immediate  effect  of  low  energy  electrons  from  a flood  gun  is 
also  illustrated  and  appear  somewhat  more  clearly  in  the  highly  charged  case  than  in 
the  alternating  bias  mode.  One  can  conclude  from  these  results  that,  though  the  data 
show  substantial  scatter,  alternating  the  target  bias  helps  to  reduce  surface  charg- 
ing effects, 


CONCLUSIONS 


We  have  demonstrated  reasonable  results  for  both  electron  and  photoyields  from 
highly  insulating  materials  where  such  data  are  not  usually  available.  Pulsed  ir- 
radiation methods  were  used  to  minimize  charging  effects. 
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TABLE  I - MATERIALS  STUDIES 


Material  Back  Surface 

Thermal  Blanket 

Kapton,  2 mil  A1 

FEP  Teflon  2 mil  Ag/ Inconel 

Shuttle  Tile  * 

White  borosilicate  glass  outer  coating  In  Foil 

Black  borosilicate  glass  outer  coating  In  foil 

Space  Suit  Components 

Outer  fabric  Evaporated  A1 

(ST1 1 G041-01)  layer 


Embedded  in  0.5  mm  in  foil  without  covering  sample  surface. 
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TABLE  IT  - PHOTOYIELDS 


Material 


Photoyield  (%) 


Won  0.65  + 0.03 
FEP  Teflon  0.04  7 0.03 
White  Shuttle  Tile  surface  0.2  7 0.03 
Black  Shuttle  Tile  surface  0.3  7 0.C3 
Outer  fabric  of  space  suit  0.06  7 0.03 


TABLE  III  - SUMMARY  OF  SEE  RESULTS 


Sample 

a 

max 

EPraax(KeV> 

Ej (KeV) 

E2(Kevj 

Kapton 

1.8 

0.2 

0.05 

0.7 

FEP  Teflon 

2.4 

0.3 

0.05 

1.9 

Black  Space  Shuttle  Tile 

2.3 

0.5 

0.06 

2.7 

White  Space  Shuttle  Tile 

2.3 

0.5 

0.06 

3.5 

Microscope  Cover  Glass 

3.8 

0.5 

0.05 

5.0 

ST11  G041-01 

2.3 

0.3 

0.08 

3.2 

UHV  SYSTEM 


Fig.  i . Schematic  diagram  ot  tie  arrangement  for  measuring  photoyields. 
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VH3IS 


EP  <EY> 

Fig.  2.  Total  SEE  coefficient  for  Kapton,  as-received  surface.  Single  pulse  method  was 
used  with  I « 60  nA. 

P 


EP  CEV) 

Fig.  3.  Total  SEE  coefficient  for  FEP  Teflon,  as-received  surface.  The  single  pulse 
method  was  used  with  1 * 60  nA. 


<XVW>  V WD I 3/ VW9 I S 


Ep/EpmoK 

Fig.  4.  Normalized  total  SEE  coefficient  for  Kapton  and  FEP  Teflon  compared.  Samples 
and  conditions  identical  to  Figs.  2 and  3. 


F19'  5'  pulse  method^as'used  IVT  ri^oros<,,cate  Single 


SIGMA  SIGMA 


EP  (EV> 

Fig.  6.  Total  SEE  coefficient  for  black  borosilicate  surface  of  the  shuttle  tile  The 
single  pulse  method  was  used  with  I * 60-70  nA. 


EP(EY) 


Fig.  7. 


Total  St£  coefficient  for  microscope  slide  cover  qlass 
The  single  pulse  method  was  used  with  1 • 70  nA. 


as-received  surface. 


iOIS  VWOIS 


EP  <EV> 

Fig.  8.  Total  SEE  coefficient  for  the  outer  fabric  of  spacesuit  material,  as-received 
surface.  The  single  pulse  method  was  used  with  1 = 60  nA. 
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# OF  ELECTRON  BEAM  PULSES 

Fig.  9.  Changes  in  total  SEE  coefficient  of  the  sputte-ed  surface  of  the  white  borosili- 
cate  glass  shuttle  tile  coating  with  reoeated  oulsir.a  to  illustrate  charqinq 
effects  in  two  operating  modes.  The  single  pulse  method  was  used  with  1 = 40  nA 
with  EP  = 500  eV.  p 
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We  report  charging  characteristics  of  polyimide  (Kapton)  of 
varying  thicknesses  under  irradiation  by  a 
very-low-current-density  electron  beam,  with  the  baclc  surface  of 
the  sample  grounded.  These  charging  characteristics  are  in  good 
agreement  with  a simple  analytical  model  which  predicts  that  in 
thin  samples  at  low  current  density,  sample  surface  potential  is 
limited  by  conduction  leakage  through  the  bulk  material. 

In  a second  investigation,  we  measured  the  charging  of 
Kapton  in  a low-current-density  (3  pAm**2)  electron  beam  in  which 
the  beam  energy  was  modulated  to  simulate  Maxwellian  and 
biMaxwellian  distribution  functions. 


INTRODUCTION 


The  charging  characteristics  of  dielectric  thermal-blanket 
materials  in  the  geosynchronous-earth-orbit  (GEO)  plasma 
environment  is  a subject  of  considerable  importance  in 
spacecraft-charging  studies.  Polyimide  (Kapton)  is  one  of  the 
most  commonly  used  materials  in  Large-area  thermal  blankets,  and 
this  material  has  been  the  subject  of  numerous  previous 
experimental  investigations.  Many  previous  studies,  however,  have 
employed  electron-beam  current  densities  substantially  higher 
than  the  3 pAm"2  value  which  we  believe  represents  a reasonable 
upper  bound  in  the  GEO  environment. 

A Second  area  of  concern  over  ground  simulations  is  that  the 
electron  beams  that  are  used  are  generally  monoenergetic,  and  the 
charging  characteristics  that  would  resuit  in  the 
distributed-energy  GEO  environment  must  be  inferred  from 
monoenergetic  charging  data  analytically.  A model  for 
accomplishing  this  inference  is  imbedded  in  the  NASCAP  (NASA 
Charging  Analyzer  Program)  computer  code,  for  example.  Since 
NAr  'A?  is  currently  being  used  by  spacecraft  designers  to  predict 
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the-  spacecc aft-charging  consequences  of  their  designs, 
experimental  verification  of  the  NASCAP  modelling  is  very  timely. 
A credible  distributed-energy  electron  source  is  needed  to 
perform  these  experiments/  and  we  describe  a Simple  means  for 
devising  such  a source  below.  - - 


SYMBOLS  USED 


I 


P 


e R 


JB 


electron-beam  current  density 
(no  sample  in  place) 
electron-beam  current  density 
(incident  on  charged  sample) 

Electron  reflux  coefficient 

(including  backscatter  4-  secondaries) 

bulk  conductivity  of  sample 

sample  area 

sample  thickness 

sample  surface  potential 

electron-beam  energy 

current  of  refluxed  electrons  (=e»TD) 

-*v 

electron  beam-  current  density 


w 


electron-current  distribution  function 


Only  SI  units  are  used  in  this  paper. 


KAPTON  CHARGING  CHARACTERISTICS 
IN  MONOENERGETIC  ELECTRON  BEAMS 

In  this  section  we  describe  the  experimental  apparatus  and 
measurements  and  then  present  a simple  analytical  model  for 
comparison  with  the  experimental  results. 

Experimental  Apparatus  and  Measurements 

The  experiments  were  conducted  fn  a 0.6-ro-diameter  vacuum 
chamber,  which  is  shown  in  Figure  1.  A divergent-beam  electron 
fLood  gun,  shown  in  Figure  2,  is  used  to  irradiate  the  sample. 
This  electron  gun  is  built  to  a design  developed  at  NASA  Lewis 
Research  Center.  It  produces  a broad  uniform-current-density  beam 
and  exhibits  excellent  stability  over  a wide  range  of  current 
densities.  The  sample  is  housed  in  a separate  antechamber  which 
can  be  isolated  from  the  main  chamber  by  a vacuum  gate  valve.  The 
geometry  of  the  sample  and  sample  holder  is  shown  in  Figure  3. 

We  have  measured  the  charging  characteristics  of  Kapton 
unde,  conditions  v/hich  differ  significantly  from  previous 
practice:  we  employed  an  electron- be am  current  density  of  3 
pAm“  , and  we  mounted  the  sample  by  wrapping  it  around  the  edges 
of  the  metal  sample-holder  and  clamping  it  at  the  rear.  These  two 
innovations  are  more  representative  of  the  electron  current 
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density  which  exists  at  GEO,,  and  of  the  geometry  with  which 
thermal-blanket  materials  are  exposed  to  electron  bombardment  on 
GEO  spacecraft.  We  exposed  Kapton  samples  of  two  thicknesses  (25 
jim-  and  127  ml  to  irradiation  by  monoenergetic  electron  beams 
with  energies  up  to  14  keV-  A-typical  charging  characteristic  is 
shown  in  Figure  4,  where  the  surface  potential  of  127-um-thick 
Kapton  is  shown  as  a function  of  time,,  during  continuous- 
bombardment  by  14-keV  electrons.  This  plot  reveals  the  relatively 
long  time  constant  involved  in  charging  at  these  low  current 
densities . 

Figure  5 shows  the  equilibrium  surface  potential  of 
127-jim-thick  Kapton  as  a function  of  incident  beam-current  energy 
from  2 keV  to  14  keV.  The  straight-line  characteristic  intercepts 
the  beam-energy  axis  at  an  energy  of  about  1-6  keV;  this  energy 
corresponds  to  the  “second-crossing"'  energy,  i.e.,  the  energy  at 
which  the  secondary-electron  yield  of  the  material  is  unity. 
Figure  6 shows  the  corresponding  characteristic  of  25-ym-thick 
Kapton,  under  the  same  test  conditions.  In  this  curve,  the 
second-crossing  intercept  is  the  same,  but  the  surface  potential 
saturates  at  much  lower  values  than  were  observed  in  the 
127-jjm-thick  material.  This  saturation  effect  is  produced  by 
conduction  losses  through  the  bulk  Kapton,  as  evidenced  by  the 
fact  that  the  saturation  effect  disappears  when  the  ground 
connection  on  the  rear  of  the  sample  is  removed;  the 
characteristic  then  remains  linear  within  the  limits  of  our 
beam-energy  capability-  We  have  developed  a simple  analytical 
model  which  successfully  predicts  the  surface  potential  at  which 
the  saturation-effect  occurs.  This-  model  is  similar  to  previous 
models  due  to  Purvis,  et.  al.  (Reference  1)  and  Reeves  and- 
Balmain  CReference  2) , except  that  it  conforms  to  the  specific 
geometry  of  the  test  environment  that  we  used.  This  model 
predicts  that  the  saturation  surface  potential  of  Kapton  depends 
on  the  parameter  k=dJo”1,  where  d is  the  sample  thickness,  J is 
the  electron-beam  current  density,  and  a is  the  material 
conductivity.  Material  testing  with  thick  (large-d)  samples  and 
high  current  densities  (large  J)  raise  the  saturation  potential 
beyond  usual  test  limits.  This  explains  why  the  saturation  effect 
shown  in  Figure  6 is  not  often  seen  in  published 
dielectric-charging  results;  the  saturation  is  produced  by  the 
use  of  thinner  materials  and  lower  electron-beam  current 
densities  than  are  commonly  used  in  material-charging  tests. 


Analytical  Charging  Model 

In  this  section  we  present  the  simple  model  of  sample 
charging  which  we  will  evaluate  by  comparison  with  experimental 
data.  This  model  is  highly  simplified  and  applies  to  an 
equilibrium-charge  condition  (i.e.,  a condition  in  which 
displacement  currents  and  stored  charge  can  be  neglected) . It 
also  assumes  that  cylindrical  Langmuir-probe  theory  correctly 
calculates  the  reduction  in  current  that  is  collected  by  the 
sample  as  it  charges  more  and  more  negative. 
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In  equilibrium,  the  current  that  is  incident  on  a charged 
sample  is  given  by 


V’  vfv 


O) 


where  the  first  term  corresponds  to  refluxed  electrons  that  are 
ejected  from  the  surface  by  backscatter-or  secondary-electron 
emission,  and  the  second  term  corresponds,  to  conduction  loss  of 
electrons  through  the  sample  to  the  grounded  rear  surface. 
According  to  cylindrical  Langmuir  probe  theory  (Reference  3) , the 
current  that  is  collected  by  a charged  sample  is  related  to  the 
incident  current  (i.e.,  current  that  would  be  collected  by  an 
uncharged  sample)  by 


IF-1B 


V -V 
B S 


V, 


B 


(2) 


The  foregoing  expressions  can  be  combined  to  yield- the  surface 
voltage  as  a function  of  beam  voltage: 


VBk(l-eR) 

vs  !=  vB+k(i-£R) 


(3) 


Of  course,  the  reflux  coefficient  eR  is  a function  of  the  impact 
energy  of  electrons  which  strike  the  surface,  e(VB-vs);  this 
function,  along  with  the  constants  contained  within  k,  are  in 
general  known  only  numerically.  Equation  (3)  does  not  represent  a 
solution  for  V_;  it  can,  however,  be  solved  for  vs  numerically  by 
a simple  iterative  procedure.  ° 


We  have  solved  Equation  (3)  numerically,  using  the  Kapton 
reflux-coefficient  and  conductivity  data  that  is  contained  within 
NASCAP,  and  values  of  material  thickness  and  beam  current  density 
that  are  appropriate  to  our  experimental  conditions.  The  results 
are  shown  in  Figure  7,  where  we  compare  the  actual  equilibrium 
charging  voltages  with  the  values  predicted  by  the  model,  for 
several  thicknesses  of  Kapton.  The  model  predictions  provide 
reasonably  accurate  descriptions  of  the  shape  of  the  charging 
characteristics  and  the  location  of  the  beam  energy  at  which 
conduction-induced  saturation  of  the  charging  voltage  begins. 

Figure  8 shows  the  solutions  to  Equation  (3)  plotted  in  a 
different  manner:  here  the  parameter  k is  used  as  the  independent 
variable,  and  electron-beam  energy  is  a parameter.  Notice  that 
the  curves  are  spaced  evenly  in  surface  voltage  V„  Cce  large 
values  of  k (i.e.,  large  current  density  and/or  low  conductance), 
and  that  ~ the  surface  potential  is  independent  of  k in  this 
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region.  This  case  corresponds  to  the  situation  in  which  the 
impacting  electron-  current  is  balanced  totally  by  electron 
reflux.  For  low  values  of  k,  conduction  losses  become 
significant,  causing  the  cur-ves  to  pack  together— at  higher  values 

of  VB.  Figure  8 is  a convenient  tool,  for  estimating  Kapton 
charging?  it  could  be  easily  reproduced  for  other  dielectrics  for 

which  eR  is  known  by  solving  Equation  (3)  . 


KAPTON  CHARGING  UNDER 

DISTRIBUTED-ENERGY  ELECTRON-BEAM  IRRADIATION 


As  described  in  the  Introduction,  realistic  simulation  of 
spacecraft  charging  should  include  the  use  of  a 
distributed-energy  electron  source.  In  principle,  of  course, 
multiple  experiments  can  be  performed  using  monoenergetic  beams 
and  calculating  the  expected  surface  potential  using  a model  such 
as  that  given  above.  This-  calculation  entails  solving  Equation 
(3)  as  before,  but  using  an  effective  reflux-coefficient  such  as 


<eR>(VS>  - VVVS>ei(VaVB  (4) 

vs 

instead  of  the  monoenergetic  eR  used  above.  This  approach  is 
hazardous  because  the  effective  eR  may  differ  from  that  given  by 
Equation  (.4);  that  is,  the  electron  rerlux  which  results  from  the 
simultaneous  presence  of  two  electron-energy  species  may  differ 
from  the  sum  of  the  refluxes  that  would  result  from  each  energy 
species  being  separately  present.  Such  nonlinearities  are  well 
known  in  the  case  of  sputtering  of  solids  by  ion  bombardment,  but 
we  are  unaware  of  elect ron- ref lux  data  which  would—  either 
validate  Equation  (4)  or  provide  a useful  alternative. 

In  order  to  provide  an  empirical  foundation  for  these 
distributed-energy  electron  distribution  considerations,  we  have 
developed  a simple  and  novel  means  of  simulating  the  broad 
distribution  of  electron  energies  which  simultaneously  bombard  a 
spacecraft  in  GEO.  We  have  used  this  tool  to  study  the  charging 
of  25-ym-  and  127-  ym- thick  Kapton.  We  find  that  the  thinner 
material,  which  is  in  the  conduction-dominated  (saturated 
surf ace- potential)  regime  charges  to  essentially  the  same  surface 
potential  regardless  of  the  electron  distribution  function.  The 
thicker  material,  however,  experiences  more  severe  charging  when 
exposed  to  electrons  which  are  distributed  in  energy 
corresponding  to  "moderate”  and  "severe"  charging  conditions  than 
it  does  when  exposed  to  a "quiescent"  distribution  of  electron 
energies . 

Figure  9 illustrates  the  arrangement  of  our 
distributed-energy  electron  source.  The  electron  source,  shown  in 
Figure  2,  is  a simple  hot-cathode  source  with  multiple  wire-mesh 
grids  to  extract  a broad,  spatially  uniform  electron  beam.  The 
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powered  by  a programmable  high-voltage  power  Supply 

o^,S5^es  ov?r  the  range  o£  0 fco  30  kv*  ThQ  P°wer  supply  la 
programmed  by  a microcomputer;  the  microcomputer  causes  the  power 

volSL^t°‘Ph?«nera«e4.<JJ  repetitive  sequence  of  electron-beam 
voltages.  This  repetitive  sequence,  which  is  defined  in  the 
microcomputer  firmware  is  arranged  in  such  a manner  that  the 
time-averaged  current  produced  by  the  e-gun  at  a given  energy  is 
Which  e?ista  lrv  the  GE0  environment.  That  is,  the 
q?tnn?v  *,a?K  electi:on"b®em  energy  and  causes  the  power 

frH??ly4t0  outPut  .tha  corresponding  voltage  for.  a time  duration 
. 1®  , proportional  to  the  value  of  the  desired  current 
distribution  function  at  that  energy.  The  energies  are  output  in 

«L«?fenKing7enef9y  but  we  have  found  that  the  same 

sequences3191^  lS  produced~  for  descending-  or  random-energy 

thP  -iSifrliml2Ction  iS  rea?onable  if  the  time  scale  within  which 
camrx?1  C£r  n~bea  • ener9y  xs  varied  is  short  compared  to  the 
ffJP1®  charging  time.  This  condition  is  satisfied  in  our  tests, 
because  the  electron-beam  energy  is  varied  over  a 5-s  time 

rlich^aunihr^*  sa™pl®.  tyPfcally  requires  an  hour  or  more  to 
aro^aSf  It* P°tential  Un  cases  in  which  the  sample  is  not 

leve?fl dmi5SfS?e  Jleat.  sutfaee'  equilibration  still  requires 
several  minutes) . The  microcomputer  is  programmed  to  generate  any 

h5  tron“f??rgy  distribution  functions  (which  it  selects 

tbe  P°sltlon  a front-panel  switch);  the  programs 

strtr«aX^te2nin<:  3 commefcially  available  integer  BASIC  and  ate 
stored  in  ROM  for  convenience.  . 

*hcee,  distribution  idnctions  we  use  are  a biMaxwellian 
distribution  characteristic  of  quiescent  conditions  (Reference  4) 
Sx”9le-Maxwellian  distributions  recommended  by  Stevens 
\ erence  5)  to  simulate  the  moderate  and  solar- substorm  GEO 

£lXJ0tmentS:  The  thref  distribution  functions  have  identical 
total  currents.  These  distributions  are  plotted  in  Figure  10. 

k_.  *]1CJU^e  11.  shows  the  response  of  both  25-wm-  and  127-um-thick 

•rhi  JStJXf!**  lfcadlatlon  ^ the  multi  energetic- be  am  apparatus. 
*!j? k Kapton  charges  to  substantially  higher  voltages  and 
fu  la*gec  difference  between-  the  three  distribution 
2!  than  does  the  thinner  material.  It  is  clear  that  the 
?llla?  distribution  that  simulates  "moderate"  charging 
conditions  is  significantly  more  severe  than  the  biMaxwellian 
quiescent"  condition. 
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Eigure  1.  - Hughes  spacecraft-charging-simulation  facility: 


overview. 


Figure  2.  » Electron  source  (NASA  Lewis  design). 


Figure  3.  - Hughes  spacecraft-charging-simulation  facility:  sample  test 

section  details.  Dimensions  are  in  millimeters. 
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Figure  4.  - Surface  potential  of  127-um-thick  Kapton  under  irradiation  by  a 
14-keV,  3-uArn-2  electron  beam. 


ELECTRON  BEAM  ENERGY  «VB.  keV 

Figure  5.  - Equilibrium  surface  potential  of  127-yrn-thick  Kapton  as  a function 
of  electron  beam  energy. 


Figure  6.  - Surface  potential  of  25-um-thick  Kapton. 


Figure  7.  - Comparison  of  predictions  of  analytical  model  with  experimental 
results  for  charging  of  Kapton  of  several  thicknesses. 
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Figure  9.  - Block  diagram  of  multienergetic  electron  beam. 
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Figure  10.  - Electron  energy  distribution  for  simulation  experiments  — 


Figure  11.  - Equilibrium  surface  potential  of  25-  and  127-um-thick  Kapton 
irradiated  by  3-mAijT^  multienergetic  electron  beam:  (1)  = '’quiescent", 

(2)  = "moderate",  (3)  = "severe"  charging  environments. 
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ELECTRICAL  CONDUCTION  IN  PQUMER  DIELECTRLCS* 


David  B.  Cotts 
SRI  International 
Menlo  Park,  California  94025 

the  use  of  polymer  dielectrics  with  moderate  resistivities  could  reduce 
or  eliminate  problems  associated  with  spacecraft  charging*-  The  processes 
responsible  for  conduction  and  the  properties  of  electroactive  polymers  are 
reviewed,  and  Correlations  drawn  between  molecular-  structure  and  electrical 
conductivity.  These  structure-property  relationships  have  led  to  the 
development  of  several  new  electroactive  polymer  compositions  and  the 
identification  of  several  systems  that  have  the  requisite  thermal,  mechanical, 
environmental  and  electrical  properties  for  use  in  spacecraft. 


INTRODUCTION 

One  approach  to  controlling  the  spacecraft  charging  phenomena  that  are 
the  subject  of  this  symposium  is  the  use  of  moderately  conducting  dielectrics 
that  would  bleed-off  accumulated  charge  before  a breakdown  or  discharge  could 
occur  (ref-  1).  Despite  extensive  study,  summarized  in  reference  2,  and  the 
recent  development  of  several  organic  polymers  with  metallic  (>10°  ohm“1cm~1) 
conductivities  our  understanding  of  this  process  remains  unclear.  For  example 
there  is  considerable  debate  about  the  mechanism(s)  responsible  for  charge 
transport  in  organic  polymers  and  no  means  to  relate  molecular  structure  to 
conduction  mechanism  or  to  the  absolute  level  of  conductivity. 

As  part  of  a material-based  solution  we  have  reviewed  (ref.  3)  the 
electrical  and  mechanical  properties  of  nearly  250  polymers  that  are  believed 
to  have  either  the  electrical,  mechanical,  thermal,  environmental  resistance, 
or  other  properties  necessary  for  spacecraft  use.  Our  principle  conclusions 
are  two- fold.  First  there  exist  materials  that  could  be  utilized  in  near- 
intermediate-,  and  long-term  experimental  tests  of  the  proposed  materials- 
based  solution.  Second,  based  on  the  wide  range  of  properties,  conduction 
mechanisms,  and  chemical  structures  encountered  in  the  study  a general  theory 
of  electrical  conductivity  in  polymers  has  been  formulated.  The  model 
succeeds  both  in  explaining  the  wide  range  of  known  properties  and  structures, 
and  in  identifying  new  polymer  compositions  that  possess  unusually  high 
electrical  conductivities. 

The  remainder  of  this  paper  is  divided  into  four  sections.  First  the 
observable,  characteristic  properties  associated  with  various  conduction 
models  are  reviewed.  Second,  the  electrical  properties  of  several 


*Work  performed  under  Contract  No.  F19628-81-C-0076  for  the  USAF, 
Deputy  for  Electronic  Technology,  RADC/ESR,  Kanscom  AFB,  MA  01731. 
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semiconducting  and  conducting  polymers  are  examined.  By  comparing  these 
properties  the  relative  Importance  of  various  models  can  be  assessed  and 
inconsistent  phenomena  identified.  Third,  the  molecular  structure  of  the 
Conducting  polymers  and  their  derivatives  are  considered  to  illustrate  how 
structure  and  morphology  influence  conductivity.  Finally,  in  the  fourth 
section  this  information  ia  used  to  identify  candidate  materials  for  use  in 
reducing  spacecraft  charging  phenomena..  Included  are  both  contemporary 
materials  and  new  materials,  identified  on  the  basis  of  mechanism  and 
structure-property  relationships  in  sections  two  and  three,  that  have  been 
found  to  possess  relatively  high  electrical  conductivities. 


CHARACTERISTIC  FEATURES  OF  CONDUCTION  MECHANISMS  FOR  ORGANIC  POLYMERS 

Electrical  conduction  in  polymers  is  most  frequently  interpreted 
according  to  band  gap  conduction  models  as  discussed  in  reference  4.  The 
position  of  various  energy  bands  is  determined  by  the  interaction  of  atomic 
and  molecular  orbitals  that  are  assumed  to  form  long-range  periodic  arrays. 
This  picture  is  analogous  to  taking  the  repeat  unit  structure  of  a polymer  and 
repeating  it  at  regularly  spaced  intervals  in  three  dimensions  indefinitely  as 
if  it  were  the  unit  cell  of  a single  crystal.  With  the  possible  exception  of 
two  polymers  that  ane  polymerized  as  single  crystals,  the  validity  of  this 
approach  is  difficult  to  understand  since  organic  polymers  are  highly 
disordered  and  the  crystalline  order  that  is  presesnt  extends  over  relatively 
short  distances.  In  addition,  on  an  absolute  scale  the  length  of  a polymer 
molecule  is  extremely  short  and  macroscopic  transport  of  necessity  must  be 
limited  by  intermolecular  charge  transport  which— is  not  treated  by  this  model. 

Experimentally  a metallic  band  gap  material  can  be  characterized  as 
having  an  inverse  (log  a <*  T-1)  temperature  dependence  due  to  increased 
electron  scattering  at  elevated  temperature.  Since  the  number  of  carriers  is 
relatively  insensitive  to  temperature  the  overall  conductivity  is  determined 
carrier  mobility,  which  should  be  in  excess  of  1 cm2/V  sec  for  materials  to 
adequately  fit  a band  gap  mechanism  (ref.  5).  Conduction  in  band  gap 
semiconductors  is  not  mobility  limited  by  scattering  but  rather  by  the  number 
of  carriers  that  have  been  thermally  excited  into  the  conduction  band. 
Consequently  these  systems  display  a strong  thermally  activated  conductivity 
(ref.  5). 

Because  of  the  inherent  high  degree  of  disorder  in  polymers  it  is 
necessary  to  consider  so-called  mobility  gap  mechanisms  that  successfully 
describe  the  electronic  properties  of  amorphous  inorganic  semiconductors 
including  amorphous  silicon  and  the  chalcogenide  glasses  (ref.  6).  In  the 
theoretical  description  of  these  materials  the  band  energies  are  diffuse, 
sometimes  overlapping,  and  charge  transport  is  mobility  limited.  Structurally 
the  charge  carriers  are  spatially  localized  at  disordered  sites  and  undergo  a 
variable-range  hopping  transport.  In  contrast  the  mobility  gap  materials 
display  a weak  (log  o ® Tq/T1^)  temperature  dependence  and  mobilities  that 
seldom  exceed  1 cm2/V  sec,  above  cryogenic  temperatures.  The  optical 
propeties  are  complex  and  their  interpretation  is  more  complicated  than  that 
for  a simple  band  edge  absorption. 

When  the  mean  free  path  of  a charge  carrier  becomes  very  low  due  to 
extremely  tight  binding  or  deep  trapping,  a nearest  neighbor  hopping  mechanism 
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characterized  by  a positive  thermally  activated  process  is  encountered  as 
discussed  in  reference  7.  in  essence  carriers  are  thermally  or  photolytically 
pried  out  of  their  molecular,  orbitals  into  the  ccntinum  where  they  undergo  an 
electric  field  modified  transport  or  recombination.  The  details  of  this 
process  can  be  very  complicated  but  this  general  type  of  mechanism  is 
responsible  for.  charge  transport  in  roost  insulating  polymers  exposed  to 
iolnlzing  radiation  or  injected  charge  * 

An  intermediate  temperature  dependence  of  the  Conductivity  (log  a « 
TQ/T‘'^)  is  observed  for  polycrystalline  materials  composed  of  conducting 
regions  separated  by  very  thin  nonconducting  barriers  (ref.  8).  This  could_be 
of  particular  interest  for  crystalline  polymeric  materials  since  the 
crystalline  regions  are  extremely  small  and  often  distlnguised  by  only  a 
slight  shift  in  molecular  orientation... 

Finally  there  exists  the  possibility  of  ionic  conduction  that  involves 
the  actual  mass  transport  of  ions  through  the  material  (ref.  5).  These  charge 
carriers  may  be  ionizable  pendant  groups,  inadvertant  impurities,  or  ionized 
water  which  is  present  in  small  quantities  in  almost  all  polymers  unless 
specifically  excluded.  Becuaps  these  charge  carriers  must  actually  diffuse 
through  and  between  the  polymer  molecules  ionic  conductivity  depends  strongly 
on  the  physical  state  of  the  material.  Consequently  ionic  conductivity  is 
inversely  dependent  on  pressure  and  the  temperature  dependence  can  be 
complicated  due  to  thermal  transitions  and  relaxations  in  the  polymer. 

In  the  following  section  the  properties  of  some  electrically  conducting 
polymers  are  reviewed  in  an  attempt  to  understand  which  conduction  mechanisms 
are  involved—  Of  specific  interest  is  the  temperature  dependence  of  the 
conductivity,  in  part  because  only  this  data  is  generally  available  in  the 
literature.  While  a thorough  description  requires  knowledge  about  carrier 
density,  mobility,  optical  properties,  etc.*  these  are  much  less  available  in 
the  literature  and  more  difficult  to-measure  for_polymers. 


ELECTRICAL  PROPERTIES  OF  CONDUCTING  POLYMERS 

In  recent  years  a number  of  highly  conducting  polymers  have  been 
developed  that  have  stimulated  considerable  interest  conerning  the 
mechanism(s)  of  conduction  and  potential  applications.  The  existance  of 
relatively  highly  conducting  materials  has  facilitated  experimental 
measurements,  so  there  is  a large  quantity  of  data  in  the  literature  obtained 
on  materials  with  diverse  chemical  structures  from  which  general  conclusions 
about  polymer  conductivity  can  be  drawn. 

The  most  striking  example  is  polythiazyl  (SN„).  Needle-like  single 
crystals  of  polythiazyl  can  be  polymerized  directly  from  single  crystals  of 
the  cyclic  S2N2  monomer  (ref.  9).  Electrical  conductivities,  which  depend 
strongly  on  crystal  perfection,  of  from  250  to  1200  (ohm  cm)"'  have  been 
reported.  In  single  crystalline  materials  the  metallic  conductivity  shows  an 
inverse  temperature  dependence  characteristic  of  a band  gap  mechanism  as  would 
be  expected  from  a material  with  an  extremely  high  degree  of  long-range 
order.  In  even  this  highly  ordered  material  the  importance  of  intermolecular 
charge  transport  is  illustrated.  It  is  unlikely  that  single  molecules  stretch 
the  entire  distance  from  end  to  end  of  a macroscopic  single  crystal.  Even  so, 


above  cryogenic  temperatures  the  intrinsic  conductivity  parallel  to  the  chain 
axis  is  only  about  ten-time3  that  normal  to  the  chain  axis  indicating 
extensive  charge  transport  between  chains  (ref.  10). 

A similar  high  degree  of-structural  order  is  found  in  single  crystalline 
po.l ydiacetyler.es . These  also  are  prepared  through  the  radical  initiated 
polymerization  Of  Single  crystals  grown  from  the  corresponding  monomer. 
Amorphous  films  oan  also  bo  obtained  by  casting  solutions  of  the  polymer  in 
organic  solvents.  Although  the  optical  properties  discussed,  in  reference  11 
aro  characteristic  of  the  long  range  delocalized  n electron  orbitals 
responsible  for  band  gap  conduction  the  extremely  low  (IQ"1®  to  IQ”12  ohm”1 
cm”')  conductivity  and  six-fold  conduction  anisotropy  parrallel-  and  normal-to 
the  chain  axis  indicate  that  carrier  mobility  is  strongly  limited  by  the  rate 
of  intermolecular  charge  transport  (ref.  12).  The  absorption  of  as  little  as 
one  mole  percent  of  iodine  raises  the  electronic  conductivity  by  several 
orders  of  magnitude.  Mechanistically  the  role  of  iodine  is  unclear  but  both 
pristine  and  doped  materials  in  reference  13  display  T*1  conductivities. 

Since  iodine  is  present  as  I,”  it  is  believed  that  it  locally  oxidizes  the 
polymer  n electron-backbone  and-  may  serve  as  ah  electronic  bridge  between 
molecules. 

Unlike  most  of  the  conducting  polymers  studied  the  polydiacetylenes  are 
soluble  organic  solvents  so  their  molecular  weight  can  be  determined  as 
reported  in  reference  14.  At  a fixed  dopant  level  the  conductivity  increases 
exponentially  with  molecular  weight  and  the  activation  energy  decreases 
linearly  to  an  infinite  molecular  weight  value  of  0.4  ev.  This  illustrates 
rather  clearly  that  even  in  the  presence  of  complete  electron  delocalization 
along  a chain  backbone  the  rate  limiting  process  for  carrier  transport  is 
intermolecular . — 

Considerable  attention  has  been  focused  on  polyacetylene  because  of  its 
potential  application  to  light  weight,  high  power-density  batteries. 
Polyacetylene  can  be  prepared  in  thin  films  or  as  coatings  that  appear  to  the 
eye  to  be  like  aluminum  foil  but  microscopically  more  closely  resemble  the 
fibrillar  structure  of  steel  wool  (ref.  15).  The  pristine  material  has  a low 
(10~12  ohm^cm”1)  conductivity  but  this  value  increases  rapidly  to  lO^hm” 
cm-1  when  it  is  doped  to  about  10  mole  percent  with  strong  oxidizing  agents 
like  I,,  or  AsFc  (ref.  16).  Although  frequently  nr  ’eled  as  an  ideal  one- 
dimensional  delocalized  tr  electron  backbone  there  is  a considerable  amount  of 
evidence  in  reference  17  for  structural  disorder  and  a T"1'**  dependence  of  the 
conductivity  on  temperature  characteristic  of  variable  range  hopping  in 
amorphous  materials.  • Yet  high  (^60  cm2/V  sec)  mobilities  are  observed  and 
optical  studies  (ref.  18)  indicate  that  the  transition  to  a metallic 
conductivity  state  is  not  simply  a concentratio’  dependent  percolation 
transition- of  metallic  conducting  regions. 

Similar  observations  may  be  made  about  the  doping  and  electrical 
conductivity  of  polypyrrole.  It  too  is  prepared  as  a thin  film  or  coating, 
becomes  conducting  at  . dopant  level  of  about  25  mole  percent,  and  displays  a 
conductivity  dependence  (ref.  19).  Polyphenylene  sulfide  and 
polyparaphenylene  also  become  conducting  when  doped  to  high  (1:1)  repeat  unit 
to  dopant  ratios  and  possess  a T"1/4  temperature  dependence  of  the  electrical 
conductivity  (ref.  20). 
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The  va3t  majority  of  the  remaining  eleetroaotive  polymers  show-  clear 
thermally  activated  conduction  mechanisms  and  many  examples  could  be  sited 
with  conductivities  ranging  from  IQ”1^  to  IQ"11  ohm^cm"'  (refiu-2-5,  7,  21- 
22). 


Can  general  conclusions  be  drawn  about  the  conduction  mechanisms 
operating  in  organic  polymers?  The  temperature  dependence  of  the  conductivity 
is  about  the  only  property  that  has  been  determined  for  enough  materials  to 
allow-  comparisons - More  in-depth  studies  have  been  made  on  specific 
materials,  but  details  are  frequently  regarded  as  indications  of  unique 
material  properties,  fragmenting  an  already  confused  subject. 

The  long-range  periodic  Order  and  inverse  temperature  dependent 
conductivity  characteristic  of  metallic  band  gap  conduction  are  only  found  in 
polythlazyl.  The  temperature  dependence  of  the  remaining  systems  clearly 
indicates  hopping  transport  between  inherently  localized  states.  The  hop 
length  and  the  energy  barrier  to  transport  will  vary  according  to 
morphological  structure  and  chemical  composition  but  the  inherent  rate 
limiting  process  is  interraolecular  charge  transport. 

The  principle  objection  to  this  mechanistic  interpretation  of  polymer 
conductivity  is  that  it  does  not  provide  a good  explaination  for  the  high 
mobilities  observed  in  materials  like  doped  polyacetylene.  One  way  around 
this  objection  is  to  postulate  a percolation-type  transition  at  which 
individual  localized  states  begin  to  interact  facilitating  long-range 
transport  within  a cluster.  The  rate  limiting  step  to  charge  transport  is 
still  hopping  between  localized  states  but  fast  long  range  transport  occurs 
within  clusters  of  localized- states.  With  this  general  model  Of  the 
conduction  process  it  is  possible  to  relate  chemical  composition  and  molecular 
Structure  to  conductivity  in  organic  polymers. 


THE  INFLUENCE  OF  MOLECULAR  STRUCTURE  ON  CONDUCTIVITY 

The  process  of  designing  a new  polymer,  or  selecting  a known  material, 
for  use  in  a specific  application  with  specific  performance  requirements 
relies  on  some  set  Of  relationships  between  molecular  structure  and  physical 
Properties.  Some  formal  relationships  exist  for  polymers  but  the  intelligent 
-•sign  of  materials  for  specific  thermal-,  mechanical,  and  electrical 
iperties  is  largely  heuristic 

The  predominance  of  hopping  transport  mechanisms  indicates  that  the 
design  of  a conducting  polymer  must  include  a molecular  structure  that  can 
exist  as  a stable  radical  ion.  The  less  stable  the  radical  ion  the  more 
energy  will  be  required  to  form  the  ion  and  the  greater  the  likelihood  of 
trapping  or  an  irreversible  chemical  degradation^  The  later  is  a Serious 
probl with  conducting  polyacetylene,  polypyrrole,  and  polyphenylene  sulfide, 
which  id  >st  be  protected  from  atmospheric  oxygen  and  water  vapor. 

Because  the  rate  limiting  step  appears  to  be  intermolecular  charge 
transport,  not  an  intramolecula  phenomena,  it  is  not  necessary  for  the 
polymer  n possess  a delocalized  if  electron  molecular  orbital  along  its  entire 
backbone.  The  molecular  structure  of  polyphenylene  sulfide  illustrates  this 
point:  its  conformation  is  coil-like  and  its  ir  electron  orbitals  are 
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localized  at  each  individual  phenylene  sulfide  repeat  unit* 

The  optimum  3izo  of  this  localized  charge  state  remains  unclear.  The 
molecular  weight  dependence  of  the  conductivity  in  the  polydiaeetylones,  which 
possess  compjete  if  electron  delocalization  along  their  rodliko  backbone,  is 
onl-y  linear,  while  the  addition  of  a few  mole  percent  of  a dopant  causes  a 10« 
1 2 order  of  magnitude  increase  in  the  conductivity  at  the  percolation 
threshold.  Extrapolation  of  the  activation  energy  for  charge  transport  to 
infinite  molecular  Weight  yields  a minimum  value  of  OJI  eV  only  one- third  the 
value  for  an  oligomer  of  20,000  dalton3. 

Intermediate  between  these  two  extremes  of  highly  extended  11  orbitals  and 
charge  states  localized  on  a single  repeat  unit  lie  polyacetylene  and 
polypyrrole.  In  tnese  systems  the  localized  charge  state  involves 
approximately  ten  and  four  repeat  units,  respectively.  Whether  or  not  these 
repeat  units  are  part  of  the  same  polymer  backbone,  or  comprise  an  ordered 
intermoleeular  aggregate  involving  a single  dopant,  is  unknown. 

The  issue  of  intermoleeular  order  is  an  important  one  since,  in  the  final 
analysis,  it  is  the  intermoleeular  process  that  is  responsible  for  macroscopic 
charge  transport.  While  difficult  to  quantify,  proximity  and  registry  between 
adjacent  localized  states  is  advantageous  as  is  the  ability  to  intercalate 
oxidizing  (or  reducing)  dopants.  Consequently  crystallinity,  short-range 
chain  stiffness,  stereoregularity,  and  minimal  pendant  group  substitution  are 
believed-  to  be  desirable. 

These  criteria  are  amply  demonstrated  in  comparisons  of  the  electrical 
conductivity  of  polyacetylene  or  polypyrrole  and  their  derivatives.  The 
addition  of  pendant  groups  or  copolymerization,  which  doesn't  alter  the 
electronic  structure  of  the  backbone  appreciably,  causes  a consistent  and 
often  dramatic  decrease  in  conductivity.  In  other  systems  containing  large 
fused  rings,  for  example  the  polyphthalocyanines,  pyrolyzed  Kapton  and 
polyacrylonitrile,  polyvinylcarbazole,  and  polyacene  quinones  the  influence  of 
intermoleeular  order  between  stable  charge  carriers  on  conductivity  can  be 
seen. 


In  summary  there  are  a finite  set  of  molecular  structural  parameters  that 
are  responsible  for  the  different  degrees  of  electrical  conductivity  in 
organic  polymers.  They  include  the  electronic  structure  of  the  charge  bearing 
state,  its  size,  and  the  local  intermoleeular  order  between  states  that 
promotes  efficient  intermoleeular  transport.  Significantly  this  model 
indicates  that  corrosive  dopants  (SbFg,  AsFg,  etc.)  are  not  necessary  and  that 
processable  electrically  conducting  polymers,  unlike  the  intractable  materials 
currently  under  study,  can  be  prepared. 


A MATER1ALS-BASED  APPROACH  TO  THE  PROBLEM  OF  SPACECRAFT  CHARGING 

A successful  theory  or  model  should  lead  to  the  identification  of  new 
materials  or  phenomena  as  well  a3  to  explain  the  properties  of  known  materials 
or  previously  observed  phenomena.  The  molecular  principles  discussed  above 
have  in  fact  identified  new  polymer  compositions  that  are  soluble  in  organic 
solvents,  stable  towards  atmospheric  exposure  and  are  moderately  (10”^  ohm-1 
cm"1)  conductivity.  The  remainder  of  this  section  however  describes  how  these 


principles  earl  be  used  to  identify  or  design  materials  with  semiconducting 
(IQ"12  Qhr»f1cnf 1 ) electrical  properties  and  the  requisite  properties  for 
space-based  use. 

An  application  like  space-based  radar  requires  many  square  kilometers  of 
a strong  polymer  film.  The  material  must  be  stable  towards  ionising  radiation 
and  temperature  extremes  for  mission  lengths  of  up  to  five  years.  These 
general  principles  have  led  to  the  conclusion  that  there  exist  short-, 
intermediate-  and  long-term  approaches  towards  identifying  the  optimum 
materials. 

The  short-term  approach  requires  the  use  of  commercially  available 
materials  without  reformulation  or  extensive  modification.  The  moat  promising 
approach  involves  the  use  of  a lightly  pyrolyzed  polyimide  film.  When 
commercial  aromatic  polyimide  films  are  heated  under  vacuum  at  temperatures  of 
from  400°  to  700°C  the  polymer  molecules  condense  to  form  extended,  fused-ring 
structures  (ref.  23, 2A).  The  conductivity  of  the  films  is  raised  from  10“18 
ohm” 1 cm"1  to  a value,  dependent  of  the  pyrolysis  temperature,  of  up  to  10 2 
ohm"1 cm”1.  While  extensive  pyrolysis  will  embrittle  the  material  only  slight 
changes  are  necessary  to  arrive  at  a value  of  10"12  ohm"  'em"  . Since  the 
level  of  conductivity  is  variable,  the  same  basic  feedstock  can  be  tailored, 
by  control  of  the  processing  conditions,  to  fit  specific  applications. 

The  major  questions  that  must  be  answered  in  evaluating  this  approach 
include  how  does  pyrolysis  affect  the  mechanical  properties  of  the  polyimide 
film  and  is  the  partially  pyrolyzed  product  stable  in  a spacecraft 
environment-  Experiiental  charging  data  in  reference  25  for  Kapton  samples  on 
the  SCATHA  mission  indicate  an  exponential  decrease  in  conductivity  of  nearly 
two  orders  of  magnitude  over  a year* 3 time.  The  resistivity  of  Kapton  Can 
drop  by  ten  orders  of  magnitude  or  more  in  pyrolysis,  so  if  the  change  in 
electrical  properties  observed  or  SCATHA  are  due  to  the  moelcular 
rearrangements  observed  in  pyrolysis  the  material  wil  have  to  be  stabilized  if 
a narrow  tolerance  for  electrical  propeties  is  to  be  maintained. 

Polyacrylonitrile  undergoes  similar  electrical  changes  On  pyrolysis 
described  in  reference  26.  The  molecular  changes  are  complex  and  not  well 
understood,  but  providential,  since  the  strength  retention  of  elevated 
temperatures  is  improved  and  some  intermolecular  crosrlinking  probably 
occurs.  Potential  difficulties  inherent  in  the  use  of  pyrolyzed 
polyacrylonitrile  include  elevated  temperature  properties,  embrittlement,  and 
stability.  Both  of  these  examples  are  off-the-shelf  materials  and 
experimental  investigation  of  the  pyrolyzed  materials,  their  electrical  and 
structural  properties,  could  begin  immediately. 

There  exist  a wide  range  of  intermediate-term  solutions  that  involve  the 
modification  or  further  investigation  Of  materials  that  are  known,  but  not 
commercially  available.  The  object  here  is  to  improve  the  high  temperature 
performance  of  materials  that  otherwise  have  desirable  electrical  properties 
or  to  provide  the  necessary  conductivity  to  polymers  with  inherent  thermal  and 
mechanical  properties. 

For  example,  materials  like  pblyVinylcarbazole  (ref.  27)  or 
polyvinylpyridine  (ref.  28)  possess  the  necessary  electrical  conductivity  for 
this  application  but  mechanically  can  not  withstand  elevated  temperatures. 
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The  introduction  of  a few  pendant  Ionia  graupo  would  convert  these  polymers 
into  ionomera  that  contain  Ionic  crosslinks.  The  oonveralon  of  polyethylene 
into  an  lonomcr  raises  its  softening  temperature  by  50°  to  100°G  (rof.  20) 
which  would  be  Sufficient  to  make  these  two  materials  candidates  for  apace- 
based  use. 

Onf  approach  to  the  problem  of  long-term  stability  in  pyrolyzod  polyimidc 
ia  the  use  of  blonds  or  molecular  composites  (rof.  30).  The  polyimi.de  could 
be  blended,  either  as  a physical  mixture  or  as  a copolymer,  with  one  of  the 
high  strength/ thermally  stable  organic  polymers  that  Have  been  developed  in 
recent  years.  The  structural  component  would  provide  the  mechanical  Integrity 
while  the  polyimidc  pyrolysis  product  would  support  charge  transport. 

Finally,  some  of  the  derivatives  of  polyacetylene  (ref.  3D  and 
polypyrrole  (ref.  19)  could  be  reinvestigated.  Many  have  the  requisite 
electrical  properties  but  have  not  been  thoroughly  characterized  with  regard 
to  strength,  thermal  stability,  and  radiation  resistance.  Almost  all  could  be 
reformulated  a3  erosslinkable  resins  that  would  possess  the  requisite  strength 
and  thermal  stability. 

A long-term  approach  to  the  development  of  materials  for  the.  reduction  of 
spacecraft  charging  would  require  the  chemist  to  go  "back  to  th5:  .-awing 

board"  and  combine  the  molecular  principles  already  d:  uss*.  -f'ih  those  for 

producing  high  strength,  thermally  stable,  rr.di'-.M.o:  ;\- distant  jolymers.  Tie 
principles  for  molecular  design  of  conduct  $ Xr.'yniers  are  just  beginning  to 
evolve.  They  are  about  at  the  point  Where  \he  design  of  high  strength 
polymers  was  ten  years  ago  and  there  is  every  reason  to  believe  that,  with  the 
proper  support,  they  can  evolve  into  successful  commercial  technologies. 


CONCLUSIONS 

Comparison  of  the  limited  data  available  in  the  literature  concerning 
electrically  conducting  polymers  indicates  that  hopping  transport  between 
localized  states  is  the  predominant  conduction  mechanism.  Comparison  of  the 
various  chemical  compositions  and  morphological  structures  has  allowed  the 
development  of  a general  model  for  conductivity.  The  three  important  material 
characteristics  include  the  electronic  structure  of  the  localized  state,  its 
size,  and  the  degree  of  interaolecular  order  present.  This  model  has  led  to 
the  development  of  new  conducting  polymers  as  well  as  providing  a rational 
explanation  for  existing  materials.  Specific  materials  or  modifications  have 
been  proposed  that  would  produce  polymer  dielectrics  with  the  level  of 
conductivity  believed  necessary  to  reduce  spacecraft  charging  phenomena  and 
have  the  requisite  thermal,  mechanical  and  environmental  properties. 
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A steady-state  carrier  computer  code,  PECK  (Parker -Enhanced  Carrier  Kinetics), 
that  predicts  the  radiation- induced  conductivity  (RIC)  produced  in  a dielectric  by  an 
electron  beam  was  developed.  The  model,  which  assumes  instantly-trapped  holes,  was 
then  applied  to  experimental  measurements  on  thin  Kapton  samples  penetrated  by  an 
electron  beam.  Measurements  at  high  bias  were  matched  in  the  model  by  an  appropriate 
choice  for  the  trap-modulated  electron  mobility  (u1  - 7 x lO-1^  m2/V-s).  A frac- 
tional split  between  front  and  rear  currents  measured  at  zero  bias  is  explained  on 
the  basis  of  beam=scattering_. 

The  effects  of  catrier-enhanced  conductivity  (CEC)  on  data  obtained  for  thick, 
free-surface  Kapton  samples  is  described  by  using  an  analytical,  model  that  incorpo- 
rates field  injection  of  carriers  from  the  RIC  region.  The  computer  code,  LWPCHARGE, 
modified  for  carrier  transport,,  is  also  used  to  predict  partial  penetration  effects 
associated  with  CEC  in  the  unirradiated  region.  Experimental  currents  and  surface 
voltages,  when  incorporated  in  the  appropriate  models,  provide  a value  for  the  trap- 
modulated  mobility  (y'  = 3-7  x 10“15  m2/V-s)  that  is  in  essential  agreement  with  the 
RIC  results. 


I.  INTRODUCTION 

The  theoretical  studies  reported  here  were  undertaken  to  establish  carrier 

models  for  the  proper  interpretation  of  experimental  data.  These  studies  provide 

conductivity  formulae  for  thin-  (ref.  1)  and  thick  Kapton  (ref.  1,2)  samples  in 
electron  beams.  ("Thin"  here  refers  to  sample  thickness  smaller  than  or  comparable 
to  the  electron  range?  "thick"  refers  to  sample  thickness  larger  than  the  electron 
range . ) 

The  thin-Kapton  experiments  were  designed  to  evaluate  the  RIC  by  subjecting  a 
biased  sample  with  metallized  surfaces  to  a penetrating  electron  beam  and  measuring 
the  currents  from  the  front  surface  (beam  side)  and  rear  surface  (substrate  side). 

In  the  thick-Kapton  experiments,  the  front  surface  was  not  metallized  but  was  free  to 
float  at  a surface  potential  determined  by  the  balance  of  incident,  backscatter, 


•This  paper  is  based  on  work  performed  under  the  sponsorship  and  technical  direction 
of  the  International  Telecommunications  Satellite  Organization  (INTELSAT).  Views 
expressed  are  not  necessarily  those  of  INTELSAT. 
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secondary,  and  conduction  currents.  The  thick-Kapton  experiments  were  designed  to 
measure  secondary,  yields  from  the  “free"  surface  and  enhanced  bulk  conductivity,  the 
latter  characterizing  the  ndnpenetrated  region  {comprising  most  of  the  sample  thick- 
ness). The  enhancement  results  from  the  presence  of  additional  carriers,  supplied 
from  the  irradiated  region.  The  modeling  of  the  CBC  and  of  the  RIG  is  the  goal  of 
the  present  study. 


II.  RADIATION-INDUCED  CONDUCTIVITY 

Electron-hole  pairs  produced  by  energetic  electrons  penetrating  a dielectric 
sample  sandwiched,  between  metal  plates  can  recombine  or  separate  to  become  negative 
and  positive  free  carriers.*  These  carriers  Undergo  one  of  three  ultimate  fates; 

a.  While  free,  they  can  exit  the  sample  by  "drifting"  under  the  influence  of  an 
electric  field  (applied  plus  space  charge)  or  by  "diffusing"  (random  walk)  to  one  of 
the  plates. 

b.  They  can  "fall  into"  (be  captured  by)  a deep  trap  (localized  state)  with 
energy,  well  below  the  free  electron  level.  This  process  effectively  immobilizes 
them,  but  their  presence  contributes  to  the  space  charge. 

c.  They  can  vanish  by  recombining  with  an  already  captured  immobile  carrier  of 
the  opposite  Sign,  also  eliminating  the  trapped  carrier. 

Fate  (b)  can  be  modified  by  the  thermal  release  ("detrapping")  of  the  trapped 
carrier.  The  probability  of  detrapping  depends  on  temperature,  electric  field,  and- 
trap  energy.  A free  carrier  can  undergo  a series  of  trapping  and  detrapping  events 
(more  probable  with-  shallow  traps- than  with  deep  traps)  until  it  is  eliminated  by 
fate  (a)  or  fate  (b)  above.  Fate  (c)  can  also  include  recombination  with  a free  car- 
rier of  the  opposite  sign,  but  this  option  is  much  less  probable  than  recombination 

with  the  much  more  numerous  trapped  carriers.  The  notation  used  in  this  study  is 

defined  as  follows: 

p,  n - concentrations  of  free  holes  and  free  electrons 

PT,  nT  = concentrations  of  trapped  holes  and  electrons 

Dp,  Dn  = diffusion  coefficients  for  free  holes  and  electrons 
M,  u = mobilities  for  free  holes  and  electrons 

Rj , R2  = recombination  coefficients  (cm^/s)  for  free  holes  with  trapped 
electrons  and  free  electrons  with  trapped  holes 

P<jt,  nt  = concentrations  of  neutral  hole  traps  and  neutral  electron  traps 
E ■ electric  field  intensity 
V = electric  potential 

e = magnitude  of  electron  or  hole  char 3 _ 

G = production  rate  of  electron-hole  pairs  (per  unit  volume)  associated 
with  ionization  dose  rate  (G*) 

H * deposition  rate  of  injected  carriers  (excess  charge  assumed  here  to 
be  electrons  only) 
e » dielectric  permittivity 


*The  terms  "hole"  or  "positive  free  carrier"  used  here  do  not  necessarily  convey  the 
same  meaning  as  in  semiconductor  theory.  They  denote  temporally  stable  positive 
charge  sites;  in  some  dielectrics,  this  uncompensated  positive  charge  is  more  likely 
than  a negative  charge  site  to  migrate. 


Tp,  tn  « mean  lifetimes  of  free  holes  and  electrons  in  the  conduction  band 

(i.e.,  time  interval  between  introduction  and  trapping  or  "trapping 
times" ) 

r+,  x_  = mean  lifetimes  of  trapped- holes  and  electrons  U-»e.,  time  between 
trapping  and  release,  or  "detrapping  times-") 

Pp,  Pn  a fluxes  of  holes  and  electrons 

Jp*  Jn  = current  densities  of  holes  and  electrons  (J  **  ef) . 

The  transport  and  Poisson  equations  are  set  up  in  standard  fashion  (ref.  3-6) 
with  appropriate  boundary  conditions  and  approximations  made  to  help  solve  the  system 
of  differential  equations.  The  complete  formulation  is  given  in  reference  7. 

In  our  preliminary  work  on  Kapton,  We  made  the  following  simplifications  to  more 
easily  understand  the  carrier  kinetics.  One  simplification  is  the  use  of  a steady- 
state  solution.  We  also  assume  that  the  holes  are  instantly  trapped  (and  not  re- 
leased) and  that  the  electrons  are  not  deeply  trapped  (at  most,  shallowly  trapped  and 
detrapped).  Thus,  the  electrons  may  be  considered  quasi-free,  but  the  trapping/ 
detrapping  effects  inhibit  their  motion,  which  is  described  by  replacing  the  true 
mobility  p by  a much  smaller  "trap-modulatfed"  effective  mobility  p' . This  leads  to 
the  following  system  of  equations  (ref.  7): 

p = nT  = 0 (no  holes  or  deeply  trapped  electrons)  (1) 
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We  define  E = -dV/dx  and  arrive  at  the  expression 
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The  first  term  is  associated  with  electron  diffusion,  the  second  with  electron  drift, 
the  third  with  electron  deposition,  and  the  fourth  with  space  charge.  These  equa- 
tions may  be  solved  by  numerical  integration,  subject  to  boundary  conditions: 


n = 0 at  x = 0 and  L (diffusion  boundary  condition) 

V = 0 at  x = L (grounded  substrate) 

V = at  x * 0 (applied  bias  voltage) 


■ 41 


573 


m 


If  injection  occurs,  one  of  the  latter  two  conditions  above  is  replaced  by  a pre- 
scribed value  of  dv/dx  at  the  injection  contact. 

The  method  of  solving  differential  equations  (5)  and  (6)  used  here  employs  an 
Iterative  process.  Enforcement  of  the  above  boundary  conditions  is  accomplished-  by 
starting  at  x » 0-  with  initial  values  n - 0 and  V = V^,  and  with  estimated  values  of 
dn/dx  and  dv/dx.  The  differential  equations  are  then  stepped  to  x » L with  the  in- 
tention of  hitting  n = 0 and  V = 0 there  as  the  "target*  values,  if  these  targets 
are  not  hit,  we  start  again  at  x * 0 with  readjusted  values  for  dn/dx  and  dv/dx.  If 
injection  occurs,  the  initial  or  target  conditions  are  suitably  modified.  This  pro- 
cedure is  implemented  in  the  computer  code  PECK.  Under  most  conditions,  the  task  of 
achieving  the  "converged"  solution  is  not  trivial,  since  there  are  two  free  starting 
variables.  The  solutions  obtained,  however,  provide  insight  into  the  excess  charge 
and  electric  fields  in  an  irradiated  dielectric. 

III.  APPLICATION  OF  THE  RIC  MODEL  TO  THE  THIN-KAPTON  EXPERIMENT 

This  sectioh  presents  an  implementation  of  the  trapped-hole  RIC  model,  sample  .... 
solutions,  and  a comparison  of  the  model  with  experimental  results. 

The  collected  currents  in  the  RIC  experiment  described  below  (and  in  ref.  1) 
were  not  symmetric  with  respect  to  applied  bias.  Therefore,  the  conductivity  in- 
ferred from  these  data  was  found  to  be  polarity  dependent*  Moreover,  at  zero  bias, 
the  rear  current  was  observed  to  be  larger  than  the  front  current.  (This  possibility 
had  been  predicted  theoretically  for  sufficiently  high-beam  energies  by  Oliveira- and 
Gross  (ref.  8),  and  was  seen  in  experiments  on  mica  by  Spear  (ref.  9).  Oliveira  and 
Gross  predicted  total  current  collection  at  the  rear  contact  when  the  beam  voltage 
exceeded  35  keV.  Aris  et  al.  (ref.  10}  considered,  the  Oliveira  and  Gross  theory  as 
well  as  the  Spear  experiments,,  but  they  did  not  address  the  question  of  why  they  dif- 
fer on  the  rear-front  current  split.  The  question  is  resolved  in  this  study:  the 
current  split  is  associated  with  the  degree  of  beam-scattering  in  the  sample.  The 
polarity  dependence  found  in  the  RIC  experiment  is  also  explained  here,  by  consider- 
ing carrier  injection,  internal  fields,  and  spatially  varying  conductivities. 

A.  Experimental  Data  for  Thin  Kapton  Samples  (6.4  um) 

Figures  1 and  2 show  variations  in  the  front  and  rear  current  densities,  Ji  and 
J2»  with  varying  net  incident  beam  currents  for  fixed  biases  (±196  V and  ±45  V) 
applied  to  the  front  surface.  Here,  Jg  denotes  the  beam  current  density,  less  the 
backscatter  and  secondary  emission  from  the  front  surface.  This  can  also  be  con- 
sidered the  net  beam  current  entering  the  sample.  The  beam  energy  is  28  key.  Elec- 
trons moving  toward  the  right  are  considered  positive  current.  The  superscript 
denotes  the  sign  of  the  bias  that  has  been  applied  to  the  front  contact  (number  1). 
Since  Jj  and  J2  can  exceed  Jg,  a source  of  electrons  other  than  the  beam  must  be 
invoked. 


B.  Primary  Current  and  Deposition  Curves  from 
Theoretical  Transport  Model 

By  the  use  of  a Monte  Carlo  transport  bode,  tabulations  were  made  of  the  parti- 
cle and  energy  fluxes,  which  were  then  fitted  as  analytic  functions  of  depth  and  net 
incident  enerqy  (ref.  1}.  The  curve  shown  in  figure  3 is  the  percentage  of  incident 
flux  F vs  depth  x.  This  percentage  is  normalized  to  represent  the  fraction  of  a 


574 


% 


1 nJV/om2  28-keV  Incident  beam  that  has  penetrated  to  depth  x in  the  sample.  At  the 
surface  (x  = 0)P  the  value  is  G.934,  the  fraction  0.-066  having  been  lost  to  back- 
scatter.  (The  secondary,  emission- has  been  ignored-  here  since  it  is  negligible  for  a 
high-energy  beam.)  The  primary  flux  falls  off  monotonies  11  y to,  Q.Q23-A4  6.4-  i«n. 

Figure  4 shows  the  dose  rate  (G-' ) in  rods  vs  depth,  obtained-from  the  derivative 
of  the.  energy  flux  as  a function  of  x-  (not  shown),  and-  the  excess-charge  deposition- 
rate  (H)  obtained  from  the  derivative  of  the  primary  flux  shown  in  figure  3.  These 
two  functions  are  similar  to  those  plotted  by  Matsuoka  et  al.  (ref.  11)  in  normalized 
form*  The  average  and  peak  values  of  G'  are  2.960  and  3,700  rad/s,  respectively. 

The  average  and  peak  values  of  H are  0.14  and  0.21  nA/|im,  respectively.  (Here,  G* 
denotes  dose  rate,  while  G denotes  pair  production  or  generation  rate.) 


C.  Parameters  of  the  Mode 1 


In  the  preliminary  solutions  of  equations  (5)  and  (6)  that  follow,  for  sim- 
plicity, constant  values  of  G'  and  H,  2,900  rad/s  and  0.16  nA/ym,  respectively,  have 
been  assumed.  The  assumed  constant  deposition  function  H corresponds  to  a pene- 
trating flux  that  decreases  linearly  with  depth,  (extreme  scattering),  which  helps  in 
making  analytical  approximations.  The  following  parameters  were  also  used  to  model 
the  experiment  in  the  PECK  code: 


L = thickness  = 6.4  x 10"®  m = 6.4  ym 
kT/e  at  room  temperature  = 25  mV 
JB  = nominal  beam  current  = 10"®  A/m2  = In A/ cm 2 
(FB  = flux  = 6.25  x 10*®  electrons/m2-s) 
e = permittivity  = 3.4eB  = 3.4  x 0.884  x 10"11 
= 3.0  x 10"11  F/m 

G a pair  generation  rate  » 3 x I021/m3-s 

= 3 x 1015/cm3-s 

1*2  = recombination  coefficient  for  free  electrons 
with  trapped  holes  = 10"13  m3/s  = 10~7  cm3/s 
y ==  mobility  = variable  (in  m2/V-s). 


The  generation  rate  is  based  on  our  own  transport  calculations  and  on  values 
found  in  the  literature.  For  a 28-keV  beam  of  current  density,  1 nA/cm2,  a mean  dose 
rate  of  2,900  rad/s  in  the  6.4-ym  Kapton  sample  was  calculated.  For  a density  of 
1.43  g/cm3,  this  dose  rate  translates  to  2.6  x lO1^  eV/cm3-s.  Now,  choosing  the 
energy  per  hole-electron  pair  (ref.  12)  to  be  100  eV  yields  G = 2.6  x 101®  pairs/cm3- 
s.  Rounding  this  to  3 x 1015  pairs/cm3~s  yields  the  value  also  used  by  Hughes  for  a 
Si02  photoconduction  problem  (ref.  4,5).  The  recombination  coefficient  is  taken  to 
be  R2  = 10”^  cm3/sj  hence,  G/R2  = 3.0  x 1022/cm®  = 3.0  x 103^/m®. 


IV.  PRELIMINARY  SOLUTIONS  FROM  THE-  TRAPPED-HOLE  RIC  MODEL 


A.  Zero  Bias  and  Excess  Charge  Deposition 

To  gain  experience  and  test  the  results,  the  computer  model  was  tested  for  the 
simplest  cases  first.  The  first  set  of  conditions  included  the  use  of  constant  G 
and  H,  no  carrier  injection  from  the  contacts,  and  zero  bias.  Figure  5 illustrates 
the  results  under  these  conditions.  The  average  excess  electron  concentration,  n, 
exceeds  the  trapped  hole  concentration,  and  a negative  potential,  V,  results  inside 
the  dielectric.  The  symmetry  seen  in  fig.  5 is  to  be  expected  with  the  above 
conditions. 
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A series  of  runs  was  carried  out,  varying  the  value  of  mobility,  |t.  For 
U > 0.88  x 10"®  m2/V-a,  the  excess  electron  population  drains  until  a positive  patera 
tiai  within  the  dielectric  establishes  equilibrium  with  the  incident  electron  beam. 
For  u < 0.88  x 10"®  m2/V™s,  a negative  internal  potential  (fig.  5)  develops  to  push 
Oat  enough  electrohs  to  establish  equilibrium  with  the  beam-deposited -electrons.-  As 
will  be  seen  later,  values  of  u are  much  less  than  10"®  m2/V-s,  so  that  a significant 
negative  potential  is  expected  within  the  bulk  of  a dielectric  in  an  electron  beam.— 
This  negative  internal  potential  would  prevent  injection  of  electrons  from  the  con-* 
tacts  into  the  dielectric,  our  a—  wnption  of  immobile  holes  prevents  hole  injection. 

The  electron  fluxes,  F for  the  primary  flux  from  the  beam,  FBD  for  the  diffusion 
+ drift  flux,  and  Fto-i.  (=  F + FDD)  provide  a 50-S0  split  in  the  front  and  back  con- 
tact currents  | Ji | * fj2|.  tio  change  in  beam  current  density  JB  or  in  carrier 
mobility  will  alter  this  balance.  However,  a change  in.  the  shape  of  u and/or  H will 
affect  it.  If  H shifts,  depositing  more  charge  in  the  rear  of  the  film,  the  back 
current,  J2,  will  increase.  If  G shifts  so  that  deposited  energy,  ionization,  and 
conductivity  is  increased  in  the  front  half  of  the  film,  the  front  current,  , will 

increase.  Both  shifts  are  necessary  to  bring  the  model  into  closer  agreement  with 
the  experimental  conditions  (depicted  in  fig.  4).  Since  the  results  of  these  shifts 
are  in  opposition,  the  relative  importance  of  G and  H are  indicated  by  the  experi- 
mental data  showing  |J2|  > |jj|.  If  a nonlinear  (cubic)  form  for  H is  used  to  better 
approximate  the  actual  value  from  the  28-keV  beam,  the  resultant  distributions 
(charge,  potential,  and  so  on)  will  be  similar  in  shape  and  magnitude  to  the  linear 
case.  However,  an  asymmetry  sufficient  to  cause  a 66/34-percent  split  between  the 
back/front  contact  currents  occurs.  (The  no-scattering  approximation,  which  assumes 
no  charge  deposition  except  at  the  end  of  range,  provides  for  total  current  collec- 
tion at  the  back  contact  with  sufficiently  high-beam  energies,  as  described  in 
ref.  8.) 

In  the  zero-bias  case,  the  internal  potential  established  by  H is  more  important 
than  the  conductivity  created  by  G,  but  as  bias  is  applied,  the  situation  changes. 

The  field  of  an  applied  bias  can  exceed  that  generated  by  the  trapped  charge  result- 
ing from  H.  As  the  externally  applied  field  gets  larger,  the  conductivity  provided 
by  G has  the  greatest  effect  on  the  internal  potential  profiles  and,  therefore,  on 
the  current  distribution. 

The  net  current  out  of  a film  (|Ji|  + |j2|)  must  equal  the  total  current  into 
the  film  (JB)  if  no  bias  is  applied.  The  shapes  of  G and  H will  alter  the  relative 
currents  to  the  two  contacts  (Jj  and  J2).  Oniy  if  a bias  is  applied  and  injection  of 
carriers  from  one  or  both  contacts  occurs^  can  either  dj  or  J2  exceed  JB. 

B.  200-V  Bias  and  Excess  Charge  Deposition 

Experimental  results  of  the  penetrating  electron  beam  on  a thin  Kapton  film  with 
a bias  voltage  (±196  V)  applied  (fig.  1)  showed  that  all  currents  exceeded  the  beam 
current  JB,  and  therefore  that  injection  of  one  form  or  another  must  be  invoked.  A 
computer  fit  was  made  to  the  experimental  data  with  our  simplified  model  (H  and 
G constant),  with  high  carrier  injection  from  the  contacts  assumed,  and  with  a +200  V 
bias  applied  to  the  front  surface.  The  beam  current  deposited  into  the  film  was 
JB*  = 1 nA/cm2, - from  Figure  1,  Ji  and  J2  are  -4.4  and  3.4  nA/cm2,  respectively. 

The  results  of  the  fit  are  shown  in  figure  6.  The  high  electron  concentration 
adjacent  to  the  negative  contact  extends  into  the  bulk  of  the  film  and  dominates  the 


beam-doposi ted  charge  thrdugh  much  of  the  dielectric.-  The  effective  mobility  neces- 
sary to  fit  the  model  results  to  experimental  results  was  m'  « 7 x 10”'15  m2/V-s. 

This  value  must  be  considered  crude  because  the. model  did  not  match  the  experimental 
conditions- well;  some  constants  {.Rg  and  G-from  eq.-  (5)]  are  values  for  SIQ;,;  and  the 
injection  represented  is  an  .extreme . Despite  simplification  of  the  models  Some  use- 
ful predictions  can  be  made.  The  curvature  of  the  potential  -within  the  film  reflects 
the  shape  seen- in  figure  5 for  the  zero-bias  ease.  At  Some  positive  bias,  the  slope 
of  this  curve  is  zero  (dV/dx  *»  0)  at  the  back  contact;  at  some  negative  bias, 
dv/dx  ~ 0 at  the  front  contact.  As  the  bias  is  Varied  through  these  critical  points, 
the  potential  gradient  reverses  as  does  the  current  at  that  contact.  The  symmetry  of 
the  simplifying  assumptions  predicts  a symmetry  in  the  forward  and  reverse  bias  re- 
sults of  the  model.  However,  the  experimental  results  indicate  more  current  flows 
when  negative  bias  is  applied  to  the  front  surface  than  when  a positive  bias  is 
applied.  The  shape  of  G and  H must  therefore  be  important.  The  deposited  charge  and 
ionization-induced  conductivity  ace  significant  relative  to  the  bias-injected  charge 
under  the  test  conditions.  If  this  is  the  case,  when  the  bias  voltage  is  reduced, 
the  effects  of  G and  H,  relative  to  the  effects  of  bias  magnitude  and  polarity, 
should  increase. 


C ...  ±45-V  Bias  and  Excess  Charge  Deposition 

Experimental  data  are  available  for  the  lower  bias  situation  (fig.  2).  When 
compared  with  figure  1,  it  is  seen  that  at  the  higher  beam  currents,  one  of  the 
contact  currents  (Jg)  reverses  and  crosses  the  J = 0 axis-,  as  predicted  by  the  model 
(see  above).  At  even  lower  bias  voltages,  would  also  be  expected  to  cross  over 
the  J - 0 axis.  This  crossover  results  from  a deposited  charge  that  establishes 
fields  which,  oppose  and  exceed  the  field  created  by  the  applied  bias.  Since  values 
of  conductivity  are  experimentally  determined  from  the  measured  currents  and  applied 
voltages,  care  must  be  taken  in  dielectrics  where  internal  fields  can  be  reversed 
(and  maintained)  by  the  presence  of  excess  (or  trapped)  charge*  Assumptions  about 
uniform  fields  and  conductivities  in  electron-beam  irradiated  dielectrics  are  only 
valid  under  special  conditions  (e.g.,  if  the  beam  intensity  is  low  enough,  the  de- 
posited charge  will  not  greatly  alter  the  potential  profile  compared  to  the  effect  of 
the  bias).  In  figure  2,  the  beam  current  density  of  0.65  nA/cm2  is  adequate  to 
create  a field  at  the  back  contact  equal  to  that  created  by  the  +45-V  bias  on  the 
6.4-utn  sample  (hence,  no  Current  flows  in  this  region).  If  no  current  is  detected 
(J2  = 0)  and  if  uniform  fields  are  assumed,  it  could  appear  that  the  conductivity  is 
zero.  This  is  obviously  not  the  case.  Similarly,  Under  different  conditions,  inter- 
pretation of  other  effects  (such  as  field  and  dose  dependence)  can-be- incorrect. 

This  study  concludes  that  measurements  of  RIC,  field-enhanced  conductivity,  and 
dose-dependent  effects  are  unreliable  in  electron  beam  experiments  without  a proper 
model  that  reveals  the  internal  potential  profiles.  Even  irradiation  with  gamma-rays 
is  a problem  because  of  the  effects  of  knock-on  and  back-scattered 
electrons  (ref.  13). 


D.  Discussion  of  RIC  Results 

Several  important  facts  emerged  from  the  interpretation  and  modeling  of  the  RIC 
experiment.  First,  injection  of  carriers  from  the  contacts  must  be  considered,  at 
least  in  Kapton  with  gold  contacts  (some  materials  and  some  contacts  might  not  permit 
injection).  Second,  with  so  many  unknowns  in  the  model,  to  determine  material  param- 
eters, it  is  necessary  to  have  as  many  experiments  that  vary  the  independent  vari- 
ables as  there  are  unknowns  to  be  found.  Simplified  computer  models  are  very  useful 


577 


in  predicting  the  types  of  effects;  however,  more  realistic  values  for  G and  H must 
he  inserted-  to  obtain  realistic  and  quantitative  values  for  the  material  parameters 
sought. 


A brief  recapitulation  of  the  important  factors  in  the  model  and  experiment 
follows. 


a.  Assumptions  about  mobile  negative  charge  and  deeply  trapped  positive  charge 
seem  to  fit  the  data  foc-Kaptan. 

b.  Depositing  negative  charge  (with  low  mobility  after  deposition)  means  that 
a negative  potential  is  created  in  the  bulk  of  the  dielectric. 

c»  With  applied  bias,  injection  of  negative  charge  from  the  negative  contact 
into  the  dielectric  is  required— to  fit  the  data. 


d.  The  potential  profiles  in  a film  depend  on  the  amount  of  charge  deposited 
from  the  beam,  injection  from  the  contacts,  local  conductivity,  and  external  bias 
(fig.  4-6);  they  are  seldom  linear. 


e.  Because  of  nonlinearities  in  charge  deposition  (H),  carrier  generation  from 
energy  deposition  (G,  which  affects  conductivity),  and  internal  potentials,  V(x), 
external  currents  may  be  dominated  by  small  regions  of  the  dielectric.  Material 
parameters  cannot  be  accurately  determined  without  accounting  for  these  effects. 


Two  additional  factors  help  explain  the-experimental  data;  these  are  described 
here  more  fully. 

V i 

£.  Contact  currents  and  J2  can  be  broken  into  components  <?i,2  and  J^(2' 
which  are  composed  of  charge  from  the  beam  and  charge  injected  from  one  contact  or 
the  other.-  Figure  7-  contains  two  sets  of  current  density  components  (beam  generated 
and  bias  generated)  for  the  simplified  model.  In  cases  of  no  applied  bias,  the  beam- 
gegeratedQcontact  currents  | J-j  ^ 2 1 are  equal,  since  G and  H are  uniform.  In  addition, 
|«Jl  | + IJ2I  = <7g,  and  no  injected  component  is  present.  With  applied  bias  V,  the 
beam-generated  currents  shift  so  that  |.jj  | t | | ; but  they  still  add  up  to  JB.  In- 

jection currents  (J*^  are  the  dotted  line)  flow  from  the  negative  contact  and 
Jl  » J2«  (The  convention  used  here  is  that  positive  currents  are  described  by  elec- 
trons moving  to  the  right  in  figure  1,  therefore,  injected  currents  have  the  same 
sign  and  the  beam-generated -currents  have  oppositevsigns. ) The  total  contact  cur- 
rents are  the  sums  of  the  components:  + Ji~;  J2  = J2  + J2  • Figure  7 shows 

the  results  of  no  bias  applied  and  negative  bias  applied  to  the  front  (number  1) 
contact.  Because  of  the  assumptions,  the  same  positive  bias  applied  to  the  front 
contact  would  result  in  J-|  * -J2  and  J2  * -Jj . 


Figure  8 shows  the  component  currents  for  a smaller  positive  bias.  The  negative 
values  of  the  current  sums  -Ji  *»  -(J'i  + ) and  -J2  * -(J2  + J2^  arf  displayed  to 

make  comparison  with  figures  1 and  2 easier.  The  reason  for  the  -J2  crossover  may  be 
easily  seen  from  the  summation  of  its  components.  Again,  reversing  the  bias  polarity 
provides  = J2  and  J2  ~ Jj  this  simplified  model. 

The  condition  | I + lJ2l  * JB  requires  that  | JrY ^ 2 ( <.  Jb*  Figure  7 illustrates 
the  basis  for  defining  bias-dominated  and  beam-dominated  regions.  At  a given  bias, 
low-beam  currents  do  not  significantly  alter  the  applied  fields.  However,  with  high- 
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beam  Oufrents,  the  deposited  charge  generates  fields  greater  than  those  from  the 
applied  bias,  at  which  point,  charges  also  flow  toward  the  negative  contact  and  the 
dielectric  becomes  beam  dominated  {fig.  8). 

The  total  curtoht  density  curves  in  figures  7 and  8 are  symmetric  with  positive 
and  negative  applied  bias.  Experimental  results  in  figures  1 and-  2,  however,  do  not 
display  this  symmetry..  The  asymmetry  seen  in  those  figured  is  a result  of  nonuniform 
ionisation  and  charge  deposition  profiles  {<1  and^H  in  f^g.  4).  Part  of  the  effect 
results  from  the  higher  back  contact  current  ( |jjj|  > | Jf  | at  zero  bias),  which  will 
mako  |jj!|  > |j||  and  |»7j|  > |j||.  However,  differences  observed  in  the  experimental 
data  are  too  groat  to  be  explained  by  this  effect  alone,  An  important  additional 
effect  involves  the  field  injection  of  ehargo  into  the  region  of  lower  ionization 
near  the  back  contact.  To  aceount  Cor  the  experimental  results,  more  electrons  must 
flow  from  the  irradiated  bulk  (under  negative  front  bias)  than  from  the  metallic 
contact  (under  positive  front  bias).  The  data  base  is  not  adequate  to  determine  if 
the  difference  is  dominated  by  different  field  strengths  in  the  injection  region 
(with  bias  reversal)  or  by  different  charge-release  mechanisms  (irradiated  dielectric 
vs  metal  contact). 

g.  The  apparent  saturation  of  injection  current  (fig.  7 and  8)  is  attributed 
primarily  to  a change  from  an  n to  an  n1/^  dependence  of  conductivity  with  an  in- 
creasing beam  current  (ref.  12). 

With  increasing  carrier  generation,  the  principal  loss  mechanism  of  electrons 
changes  from  Shallow  traps  to  recombination  with  trapped  holes  (ref.  12).  Other 
effects,  which  make  an  actual  determination  of  conductivity  dependence-on-dose  very 
difficult,  are  reduced-  carrier  generation  near  the  rear  contact  (when  the  read,  beam 
profile  is  used;  see  fig.  4)  and  the  injection  of  carriers  into  this  region,  from  the 
rear  contact  or  from  the  bulk  of  the  dielectric.  The  fact  that  the  observed  col- 
lected currents  are  higher  when  a negative  voltage  is  applied  to  the  front  contact 
than  when  a positive  voltage  is  applied  suggests  the  possibility  that  injection  from 
an  irradiated  region  of  the  dielectric  is  greater  than  that  from  a metallic  contact. 

V.  CARRIER-ENHANCED  CONDUCTIVITY  STUDIES  - PARTIAL  PENETRATIONS 

Carrier-enhanced  conductivity  (CEC)  is  almost  a tautological  phrase,  since  all 
conductivity  requires  carriers  and  any  increase  in  carrier  concentration  will  enhance 
conductivity.  Radiation-induced  conductivity,  field-enhanced  conductivity,  and 
thermally-stimlilated  conductivity  are  all  forms  of  increased  conductivity  resulting 
from  increased  carrier  concentrations.  However,  we  reserve  the  phrase  "carrier- 
enhanced  conductivity"  for  specific  cases  in  which  extra  carriers  are  introduced  from 
a contact  or  from  an  adjacent  irradiated  (RIC)  region.  Because  of  space  charge 
limitations,  we  assume  that  the  number  of  extra  carriers  injected  from  a metal  con- 
tact or  from  a RIG  region  is  not  large  enough  to  alter  the  carrier  mobility  of  to 
deviate  fiom  a shallow-trap  controlled  dependence  (that  is,  recombination  with  posi- 
tive trapped  charge  can  be  neglected).  The  main  reason  that  this  small  number  of 
carriers  may  be  important  is  that  in  high  field  regions,  conductivities  may  be  very 
low  after  enough  time  has  elapsed  to  drain  free  or  easily  excited  carriers  from  the 
dielectric.  Unless  external  charge  or  ionizing  radiation  are  introduced  to  provide 
more  carriers,  the  conductivity  of  a dielectric  in  a field  can  decrease  by  orders  of 
magnitude  in  a few  hours.  In  the  previous  section,  we  discussed  dielectrics  with 
carriers  introduced  nonuniforraly  by  ionizing  radiation.  The  effects  of  charge  in- 
jection from  contacts  or  migration  of  charge  from  adjacent,  heavily  ionized  regions 


Were  observed  in  the  less  heavily  ionized  regions.  Such  effects  are.  probably  even 
more  important  in  regions  of  low  f roe-carrier  concentrations  (for  example,  nonirrad i~ 
ated  Or  high  field  regions). 

Two  approaches  were  used  to  study  the  CSC  problem  affecting  conduction  in  the 
unirradiated  region.  In  one  approach,  the  hWPOHARfiH  computer  program,  capable  of 
treating  fixed  front-surface  biases  and  carrier  kinetics,  was  applied  to  partial 
penetrations  of  thin^KApton  samples  and  compared  with  experimental  results  (ref.  ?). 
W the  other  approach,,  an  analytical  model  with  field  injection  from  the  Ric:  region 
was  used  to  determine  mobility  in  the  unirradiated  region  (ref.  14)..  Additional 
resuits  from  both  approaches  are  discussed  below, 

A . LWPCHARGK  Code  Results  for  Partial  Penetrations 

Carrier  kinetics  were  included  in  the  code  by  assuming  the  conductivity  to  be 
-y'0,  where  u'  is  the  mobility  and  p is  the  excess-charge  density  deposited  by  the 
primary  beam.  Therefore,  the  drift  contribution  to  the  Current  is  determined  by 
multiplying  this  conductivity  by  the  electric  field  intensity.  Diffusion  was 
neglected  (as  in  ref.  3).  The  dose  and  excess  charge  deposition  rates  were  computed 
by  using  the  Monte  Carlo  transport  code  (ref.  1)  as  in  figure  4. 

The  following  partial  penetration  results  were  obtained  for  the  6.4=ym  thin 
Kapton,  using  1 nA/cm2  beams  of  energies  5,  10,  15,  20,  and  28  keV,  with  zero  bias  on 
the  sample.  The  mobility  was  assumed  to  be  y*  = lO"1^  m2/V-s. 

For  each  beam  energy,  table  1 shows  the  range,  substrate  current  J2,  potential 
minimum  Vm,  position  Xrt  of  the  minimum,  and  the  approximate  time  scale  for  the  tran- 
sient- We  see  that  the  substrate  current  becomes  significant  when  the  range  is 
greater  than  about  half  the  sample  thickness.  (This  "threshold  effect"  is  in  accord 
with  the  literature.)  The  potential  minimum  becomes  deeper  as  deeper  penetration 
occurs  but  starts  to  weaken  after  the  sample  has  been  penetrated.  Its  position 
progresses  from  zero  to  the  midpoint  of  the  sample  with  increasing  beam  energy.  The 
time  scale  for  establishing  equilibrium  is  longest  for  the  low-energy  beam  (about 
20,000  s);  the  time  diminishes  as  the  beam  energy  (and  depth  of  penetration) 
increases. 

Experimental  results  of  electron  beams  on  6.4-ym  Kapton  (normalized  to  1 nA/cm2 
incident  beam  currents,  assuming  proportional  scaling  for  small  differences  in  beam 
current)  are  shown  in  table  2.  (Comparing  these  results  with  those  of  table  1 indi- 
cates close  agreement  of  J2  in  the  case  of  penetrating  beam  (28  keV)  and  poor  agree- 
ment in  cases  of  the  lower  energy  beams.  However,  the  choice  of  y'  = lO-1^  m2/V-s  in 
the  computer  model  is  probably  low  by  a factor  of  three  (as  seen  in  the  next  section) 
to  seven  (as  seen  in- Subsection  IV  B).  If  mobility  is  increased  by  a factor  of 
three,  the  current  J2  collected  at  the  back  contact  in  the  15-keV  case  should  also 
increase  in  magnitude,  thereby  coming  into  closer  agreement  with  the  experimental 
value  (-0.12  nA/cm2).  The  time  scales  should  be  reduced  by  nearly  a factor  of 
three  (ref.  6),  and  the  resulting  -300-  and  300-s  theoretical  values  are  in  much 
closer  agreement  with  the  400-  and  175-s  experimental  values  for  15-  and  28-keV 
beams,  respectively.  If  the  higher  value  of  mobility  (y'  - 7 x 10-1^  m2/V-s)  is 
used,  the  calculated  results  are  even  closer  to  the  experimental  results. 

The  fact  that  the  model  (if  y’  ■ 3-7  x 10-1^  m2/V-s)  is  in  such  close  agreement 
with  experimental  results,  even  without  a diffusion  contribution  of  carriers  to  the 
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unirradiated  region,  indicates  that  (at  least  for  low  beam  current  densities)  dif- 
fusion may  be  unimportant  compared  to  the  field-assisted  drift  of  charge  from  the 
irradiated  region..  Before  this  statement  can  be  confirmed,  more  comparison  with 
experimental  data,  a batter  modeling  of  the  mobile  carrier  concentration  in  the  RIC 
region  (to  include  ionization  from  the  beam),  and  a successful  incorporation  of  a 
diffusion  term  into  the  model  must  be  carried  out.  However,  in  contrast  to  semi- 
conductors (for  which  diffusion  is  significant),  the  diffusion  of  carriers  in  di- 
electrics should  be  small  Compared  to  the  drift  field  injection,  since  free  carrier 
concentrations  and  mobility  are  extremely  low  in  dielectrics.  Since  field  injection 
dominates  diffusion  and  since  diffusion  could  only  have  an  effect  in  a charge- 
depleted  region  (that  is,  in  a strong  field  region  where  field  injection  is  more 
important),  charge  dif-usion  in  dielectrics  might  reasonably  be  neglected. 

B.  analysis  of  Thick  Kapton  Samples 

In  the  thin  Kapton  samples  analyzed  above,  the  conduction  processes  are  domin- 
ated by  radiation-induced  conductivity,  with  space-charge  effects  playing  £ lesser 
role.  However,  in  beam  irradiation  experiments  performed  on  127-um  Kapton  sam- 
ples (ref.  2)  (which  are  thick  compared  to  the  range  of  2 to  18  keV  electrons — a few 
microns),  the  RIC  region  is  thin  compared  to  the  nonirradiated  region.  In  these 
samples,  the  properties  of  the  nonirradiated  region  are  expected  to  control  the  cur- 
rent-voltage characteristics  of  these  materials. 

Yadlowsky  and  Hazelton  (ref.  14)  have  recently  analyzed  the  experimental  results 
of  Hazelton  et  al.  (ret.  2)  and  Adamo  et  al.  (ref.  15)  in  light  of  space-charge- 
limited-flow  models,  a field-enhanced  conductivity  model  (Poole -Frenkel  effect), 
Schottky  barrier  models,  and  a combination  of  Poole-Frenkel  conduction  and  space- 
charge-limited  currents.  The  classical  expression 

9 V2 

Js  = - eg  — (7) 

8 L3 

for  the  space-charge-limited  current  through  a dielectric  sample  appears  to  properly 
represent  the  functional  dependence  observed  by  Adamo  et  al.  (ref.  15)  for  current 
flow  between  biased  electrodes  in  an  unirradiated  sample.  For  an  irradiated  sample, 
equation  (7)  can  be  made  to  fit  the  experimental  current-voltage  results  only  if  an 
order  of  magnitude  variation  in  the  value  of  the  mobility  is  made  (ref.  14). 
yadlowsky  and  Hazelton  (ref.  14)  also  found  that  the  current  voltage  dependence  can 
be  represented  by  the  other  models  mentioned  above,  but  not  satisfactorily.  For 
example,  in  each  case,  a nonphysical  beam  energy  dependence  for  the  dielectric  per- 
mittivity, e,  had  to  be  assumed  to  obtain  a functional  fit.  In  addition,  the  value 
of  the  permittivity  required  to  fit  the  data  was  five  to  six  times  the  accepted  value 
in  some  cases.  These  results  led  to  the  conclusion  that  these  models  are  unsatis- 
factory in  their  usual  forms.  However,  satisfactory  results  were  obtained  using  a 
modified  version  of  the  space-charge-limited  current  model  (ref.  14). 

In  the  usual  form  of  this  model,  the  field  is  assumed  to  be  zero  at  the  injec- 
tion plane.  The  new  model  allows  the  field  to  have  a finite  value,  Eg,  at  the 
virtual  injection  electrode,  which  is  taken  to  be  the  point  at  which  the  primary  beam 
current  vanishes.  Relatively  good  fits  were  obtained  with  a simplified  version  of 
this  model,  emphasizing  the  importance  of  including  injection  electrode  effects  in 
the  analysis.  This  model  accounts  for  beam  energy  dependence  effects  in  a natural 
way  and  explains  the  difference  between  the  Adamo  et  al.  (ref.  15)  biased  electrode 
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measurements,  for  which  injection  occurs  at  the  metal  contact,  and  the  irradiated 
dielectric  studies,  for  which  injection  occurs  from  an  ionized  region  of  the  di- 
electric,.. Measurements  and  analysis  are  required  to  determine  whether  space-charge 
effects  in  the  injection  region  or  field^enhanced  conductivity  in  the  unirradiated 
region  dominate  the  charge  transport  process  in  the  bulk  of  the  dielectric^. 

Experimental  results  were  used  to  determine  values  of  the  injection  fields 
Eq  (ref.  14).  These  values,  in  turn,  were  used  here  to  calculate  values  for  the 
trap-modulated  mobility  n'.  Table  3 displays  both  sets  of  values  for  beam  energies 
of  8,  12,  16,  and  18  keV.  The  values  of  m*  in  table  3 suggest  computer  input  values 
of  u*  in  Subsection  V B.  For  consistency,  the  computer  model  (with  the  new  value  of 
|i ' ) should  also  predict  the  values  of  Eg  deduced  from  the  experiment  results . 

C.  Discussion  of  CBC  Results 

To  understand  the  experimental  results  of  a nonpenetrating  electron,  beam  in- 
cident On  Kapton  samples,  it  is  necessary  to  invoke  field-assisted  injection  of 
carriers  from  the  irradiated  region  into  the  nonirradiated  region.  An  analytical 
space-charge  limited  model,  with  a nonvanishing  field  at  the  injection  plane  (the 
edge  of  the  irradiated  region)  has  provided  results  consistent  with  both  experimental 
data  and  a preliminary  computer  carrier  model.  The  conditions  under  which  space- 
charge  limited  flow  occurs  (for  example,  free  carrier  density  inadequate  to  neutral- 
ize injected  carriers)  must  be  investigated.  A comparison  of  other  experimental 
results  with  the  present  computer  model  will  provide  better  material  parameters  and 
will  indicate  where  modifications  to  the  model  and  to  the  Space-charge  limited  cur- 
rent theory  are  required.  At  early  times  in  a charging  experiment,,  free  carriers  in 
the  dielectric  bulk  may  be  too  numerous  for  Space-charge  limitations  to  occur.  On 
the  other  hand,  if  field  injection  from  an  irradiated  region  (greater  than  from  a 
metal  contact  if  our  RIC  results  are  valid)  is  high  enough,  the  injected  carriers  may 
dominate  all  other  carrier  sources. 

Comparison  of  Kapton  with  different  materials  such  as  Teflon  (in  which  field- 
injected  electrons  Would  compete  with  the  more  mobile  holes)  or  with  ceria-doped- 
microsheet  (in  which  the  high  concentration  of  free  carriers  resulting  from  the 
cerium  ions  could  prevent  space-charge  limiting)  would  be  Very  useful  in  testing  the 
present  theory  and  model. 


VI.  IMPLICATIONS  OF  THIS  WC-UC 

The  use  of  penetrating  beams  on  a thin,  metallized  dielectric  establishes  con- 
ditions that  are  closely  analogous  to  those  in  the  RIC  region  of  a nonpenetrated 
dielectric.  For  instance:  a 1 nA/cm^  beam  of  28  keV  electrons  penetrating  a 6.4-ym 

dielectric  film  deposits  nearly  45  mW/cm^  throughout  the  sample.  On  the  other  hand, 
a nonpenetrating  l-nA/cm^  beam  incident  on  a free  surface  dielectric  will  charge  that 
surface  to  within  approximately  2 keV  of  the  beam  energy  (at  which  point  secondary 
emission  balances  the  incident  beam).  If  most  of  the  2 keV  per  electron  is  deposited 
in  the  first  0.2  urn,  the  deposited  power  density  is  100  mW/cm^.  The  dose  rate  in, 
and  therefore  the  conductivity  of  the  two  regions  will  be  very  similar.  The  de- 
posited excess  charge  density  will  be  greater  in  the  0.2-um  layer,  but  because  the 
distance  the  excess  charge  must  travel  before  removal  from  the  layer  is  less  in  the 
thin  layer  than  in  the  thin  lilm  (<0.2  um  vs  <3.2  umj r^the^current  densities  (and 
perhaps  the  potential  profiles)  should  also  be  similar.  "■ 


The  electric  field  at  the  back  contact  of  a thin  dielectric  with-  its  front  con- 
tact biased  to  +45  V and.  JB  * 0.65  nk/cm.2  la.  figure  2 is  zero.  This  back,  contact 
corresponds  to  the  zero  field  region  in  the  RIC  volume  near  the  nonirradiated  portion 
of  a thick  dielectric..  This  area  of  the  RIC  region,  then,,  is  equivalent  to  an  elec- 
trode in  the  RIC  region.  The  positively  biased  froht  contact  of  a thin  metallized 
film  Corresponds  to  the  carrier  sink  of  an  irradiated  Kapton  sample  free  surface,  for 
which  secondary  emission  removes  surface  electrons.  Changing  the  bias  on  this  froht 
contact  (for  a fixed. beam  current)  varies  the  position  of  the  zero  field  region. 

This  change  permits  the  RIC  region  to  be  probed,  allowing  a more  accurate  determina- 
tion of  its  material  parameters.  Other  conditions  may  need  to  be  established  for 
Teflon,  in  which  holes  are  the  majority  carrier  and  for  which  the  irradiated  surface 
(when  positive)  is  therefore  an  injecting  electrode.  Materials  in  which  both  holes 
and  electrons  have  comparable  mobility  or  in  which  conditions  are  other  than  those 
assumed  here  for  Kapton,  must  be  examined  in  a similar  manner  to  determine  the  appro- 
priate experiments  for  establishing  material  parameters.  — — 

Because  of  nonuniformities  in  fields  and  potentials  in  the  RIC  region,  and  be- 
cause of  their  strong  dependence  on  changes  in  beam  current  density  and  external 
applied  bias  (corresponding  to  changes  in  the  experimental  conditions  of  a non- 
penetrating beam  experiment),  incorrect  values  for  material  parameters  and  even  for 
functional  dependence  (in  both  irradiated  and  nonirradiated  regions)  are  likely  to  be 
inferred  unless  a computer  model  is  used  to  unravel  the  problem.  Many  conclusions 
from  past  work  are  suspect  for  this  reason,  or,  if  correct,  they  may  not  pertain  to 
conditions  that  are  applicable  to  dielectric  discharges.  Although  the  data  may  be 
good,  it  must  be  reevaluated  in  many  cases.  Such  problems  account  for  many  of  the 
deviations  observed  in  experimentally  determined  parameters  (such  as  dose  dependence 
of  conductivity,  and  so  On).  Future  work  must  be  carried  out  only  after  careful 
study  of  the  conditions  to  be  simulated  and  after  testing  of  a model  to  correctly 
interpret  the  results. 

Once  appropriate  models  are  tested  and  true  irradiated  material  parameters  are 
evaluated,  a more  valid  assessment  of  breakdown  conditions  and  probability  can  be 
made.  Variation  of  material  and  beam  parameters  in  the  computer  model  can  then  be 
used  to  determine  the  best  means  of  -preventing  discharge  conditions. 

VII.  SUMMARY 

Although  experimental  measurements  of  RIC  are  available,  it  is  still  necessary 
to  use  a theoretical  model  to  correctly  interpret  them.  A model  for  RIC  is  described 
here,  based  on  steady-state  solutions  of  general  kinetic  equations  for  electrons  and 
holes.  An  assumption  is  made  that  the  holes  are  instantaneously  trapped  into  deep 
traps,  while  the  electrons  hop  from  shallow  trap  to  shallow  trap  and  are  described  as 
quasi-free  with  a lowered  "trap-modulated"  effective  mobility.  This  simplifies  the 
description  of  the  system  to  the  Poisson  equation  plus  a single  transport  equation 
for  the  electrons.  Parameters  required  by  the  model  include  mobility,  pair  genera- 
tion rate,  and  excess-charge  deposition  rate. 

Raw  data  on  a 6.4-pm  sample  of  Kapton,  taken  at  ±196-V  and  ±45-V  bias  penetrated 
by  a 28-keV  incident  electron  beam  energy,  are  considered  for  interpretation.  Of 
prior  concern  was  the  approximately  60-40  split  of  the  rear  and  front  currents  ob- 
served at  zero  bias.  Moreover,  the  experimental  values  inferred  for  the  RIC  are 
polarity  dependent.  However,  the  present  model  can  explain  the  60-40  split  at  zero 
bias,  by  appropriate  choices  of  dose  and  excess  charge  deposition  profiles,  and  by  a 
particular  choice  of  mobility,  can  match  the  experimental  currents  under  bias. 


Injection  at  the  cathode  Contact  is  required  to  allow  matching  of  the  experi- 
mental currents.  Under  conditions  of  high,  injection,,  the  shapes- of  the  electron  con- 
centration and  potential  are  monotonic  and  ho  strong  fields  are  present  (fig.  6).~ 

The  mean  value  of  the  RIC  turns  out  to  be  consistent  with  values  in  the  literature .. 
The  polarity  dependence  Of  the  experimentally  observed  currents  is  explained  in  terms 
of -spatial  variations  in  charge  deposition,  internal- conductivities,  and- fields. 

The  problem  of  partial  penetrations  is  also  considered*  The  LWPCHARGE  code, 
including,  carrier  kinetics,  was  used  to  describe  CEC  effects.  Transient  solutions 
were  obtained  for  partial  penetrations  of  the  thin-Kaptoh  sample  with  beam  voltages 
less  than  28  kV.  Significant  rear  currents-were  predicted  when  the  penetration  depth 
was  half  the  thickness  (threshold  effects).  For  low  beam  voltage,  the  transient  time 
is  very  long.  As  the  beam  voltage  increases,  the  transient  time  decreases  and  the 
(negative)  potential  minimum  deepens,  until  full  penetration  is  achieved.  The  zero- 
bias,  rear-front  current  split  is  calculated  to  be  63-37. 

Field  extraction  of  charge  from  the  RIC  region  is  assumed  in  a space-charge 
limited  current  model  to  interpret  experimental  results  obtained  orr  thick  (5-mil) 
Kapton  samples  with  a free  front  surface.  From  our  various  models,  an  inferred  value 
of  effective  mobility  (p'  = 3-7  x 10-1^  m^/v-s),  which  is  consistent  with  the  litera- 
ture ^-has.  been  obtained  for  both  RIC  and  CEC  regions. 
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Table- 1-.  Partial  Penetrations -at  Zero  Bias 


EalllW 

Range 
( um) 

*^2 

{ nA/cm2) 

vm 

(V) 

xm 
( Um) 

Time  Scale 
(s) 

5 

0.4 

-6  x 10-5 

-2 

0.4 

2 x 104 

10 

1.4 

-3  x 10“3 

-11 

1.2 

3,400 

15 

2.8 

-0.042 

-30 

2.2 

2,500 

20 

4.4 

-0.21 

-45 

2.8 

700 

28 

>6.4 

-0.63 

-31 

3.0 

700 

Table  2.  Experimental  Results  £or 
1 nA/cm2  Electron  Beams  bn — 
6.4  um  Kapton 


Beam  Qiergy 
(keV) 

J2  , 
(nA/cia2) 

Time 

Scale 

15 

-0.12 

400 

25 

-0.48 

28 

-0.61 

175 

Table  3.  Electrical  Parameters  for 
Thick  Irradiated  Kapton 


VB 

(keV) 

E0 

(V/ctii) 

Ui 

(m2/V-s) 

8 

4,7  x 105 

3.1  x 10“15 

12 

5.2  x 105 

2.8  x 10-15 

16 

3.7  X 105 

4.3  x 10*15 

18 

2.8  x 105 

1.9  X IQ-’5 

Average 

4.0  ± 1.2  x 105 

3.1  ± 1.2  X 10”15 

2 


Jg  (nA/cm2j 

Figure  1 « Collected  Currents  vs  Electron 
Beam  Current  Entering  a Dielectric 
(A  +196  V bias  applied  to  front 
surface;  positive  currents  are 
deigned  as  electrons  moving 
toward  the  right;  superscripts 
indicate  polarity  of  the  bias) 


Jj  2 (nA/cm< 


j Jg  (nA  cm2) 

Figure  2.  Collected  Currents  vs  Electron 
Beam  Current  With  +45  V Applied  Bias 


19 


X (Mm) 

Figure  3.  Primary  Flux  From  Monte  Carlo 
Transport  Code 


Figure  5.  Electrical  Parameters  for  Dielectric 
Exposed  to  an  Electron  Beam  (G  and  H Constant) 
With  Electric  Field  E,  Potential  V,  and 
Drift-Diffusion  Flux  Fqq  Resulting 
From  Incident  Flux  F 


Figure  6.  Electrical  Parameters  Determined 
by  Computer  Fit  to  Experimental  Data, 
Assuming  Constant  G and  H (+200  V 
applied  to  front  contact  and  high 
electron  injection  at  back 
contact) 


Figure  7.  Collected  Currents  Ji , 2 vs  Electron 
Beam  Current  Jg  Modelled  With  a Negative 
Applied  Bias,  Assuming  Constant  G and  H 
(constituent  parts  result  from  injection 
at  contacts  Jl > 2 end  from  motion 
of  beam-deposited  charge  jY,2) 


CURRENT  DENSITY  (nA/cm2) 


Jg  (nA/cm2) 

+ 

Figure  8.  Collected  Currents  3i t2  vs  Electron 
Beam  Current  Jg  Modelled  With  a Positive 
Applied  Bias,  Assuming  Constant  G and  H 
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A SIMPLE  MODEL  Of  ELECTRON  OEAM  INITIATED  DIELECTRIC  BREAKDOWN* 


B.  L.  Beers,  R.  E.  Daniel!,  and  T.  N.  Qelmer 
Beers  Associates,  Inc. 

Reston,  Virginia  22090 


We  have  developed  a steady  state  model  which  describes  the  internal  charge 
distribution  of  a planar  dielectric  sample  exposed  to  a uniform  electron  beam.  The 
model  includes  the  effects  of  charge  deposition  and  ionization  of  the  beam,  separate 
trap-modulated  mobilities  for  electrons  and  holes,  electron-hole  recombination,  and 
pair  production  by  drifting  thermal  electrons.  If  the  incident  beam  current  is 
greater  than  a certain  critical  value  (which  depends  on  sample  thickness  as  well  as 
other  sample  properties),  the  steady  state  solution  is  non-physical.  We  interpret 
this  to  mean  that  above  the  critical  beam  current,  the  sample  breaks  down. 


INTRODUCTION 


This  paper  describes  a simple  model  of  a beam  charging  experiment.  The 
motivation  for  the  model  is  the  need  to  understand  low  voltage  breakdown  such  as 
that  which  occurs  in  dielectric  material  exposed  to  the  radiation  environment  of 
space  (ref.  1).  Our  approach  to  the  problem  is  motivated  by  the  work  of  O' Dwyer 
(ref.  2)  on  high  voltage  breakdown. 

The  model  configuration  is  shown  in  figure  1,  and  it  is  assumed  to  have  reached 
a steady  State.  A pair  of  infinite  grounded  plates  are  separated  by  an  infinite, 
homogeneous  dielectric,  and  a spatially  infinite  electron  beam  is  incident  on  the 
arrangement  normally,  through  one  of  the  plates.  The  beam  causes  ionization  at  one 
rate,  I,  and  deposits  electrons  at  a second  rate,  S.  The  fact  that  these  rates  are 
constant  forces  the  solution  to  the  problem  to  have  symmetry  about  the  centerplane 
between  the  plates.  All  variables  are  either  symmetric  ar  anti-symmetric  about  this 
plane.  The  problem  considered  here  is  simple,  but  sign  conventions  must  be  handled 
carefully  to  avoid  confusion. 

We  take  current  to  be  positive  when  it  is  directed  toward  the  right. 
Consequently,  an  electron  beam  traveling  to  the  right  represents  negative  current 
which  we  denote  by  Jg.  Since  the  beam  is  losing  electrons  at  the  rate  S 
(electrons  cm~3s-l)f  the  magnitude  of  Jg  is  decreasing  but 

4ill  = eS  > 0 (1) 

dx 

where  e is  the  magnitude  of  the  electronic  charge.  Because  of  the  build  up  of 
negative  charge,  the  electric  field  (E)  is  positive  (i.e.,  directed  toward  the 
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right)  in  the  left  half  of  the  dielectric  (Q  < x < L/2),  vanishes  at  the  midplane, 
and  is  negative  in  the  right  half  of  the  dielectric.  The  electrons  and  holes 
produced  by  the  beam  drift  under  the  influence  of  the  electric  field.  We  denote  the 
resulting  conduction  current  by  The  total  current  is  the  sum  of  the  beam 
current  and  the  conduction  current.  In  steady  state,  conservation  of  charge 
requires 


d (Jr  + JC)  *=  0 (2) 

dx 


Since  Jq  has  the  same  symmetry  properties  as  E,  the  solution  of  equations  (1) 
and  (2)  is 


Jc  - (1  - 2x/L)  eSL/2 


(3) 


For  the  geometry  as  we  have  defined  it,  this  solution  is  independent  of  the 
ionization  rate  I,  the  mobilities  of  the  charged  species,  and  all  other  parameters 
except  Sample  thickness  and  electron  deposition  rate. 


ELECTRON  AND  HOLE  BEHAVIOR 


The  conduction  current  is  the  sum  of  the  electron  and  hole  currents  which  are 
defined  in  the  usual  manner: 


Jn  = ~ nevn  = neHnE  CAT 

jp  = Pevp  ■ PeMpE  (5) 


where  n and  p are  the  electron  and  hole  densities,  vn  and 
electron  and  hole  drift  velocities,  and  pn  and  Mp  are  the 
mobilities  of  electrons  and  holes.  The  electron  and  hole 
symmetry  properties  as  and  E.  Because  of  the  symmetry 
will  consider  only  the  left  half  of  the  dielectric  (0  < x 
only  Jg,  vn,  and  p (the  net  charge  density)  are  negative, 
jp,  n,  and  p are  all  positive. 


Vp  are  the 
trap  modulated 
currents  have  the  same 
of  the  problem,  we 
< L/2).  In  this  case, 
E,  jn» 


With  the  use  of  equations  (1)  - (5),  one  variable  can  be  expressed  in  terms  of 
the  others.  Solving  for  p results  in 


p = - Mnn/pp  + (1  - 2x/L)SL/(2EMp)  > 0 


(6) 


Transport  equations  can  be  written  for  electrons  and  holes: 
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d (hyp)  » yn  + (I  + S)  - knp 
dx 

(7) 

lL(Pvn)  ” vn  + I - knp 
dx 

(8) 

where  k is  the  recombination  rate  and  v if?  the  collision  ionization  coefficient , 
Because  of  equation  (6)  the  equation  for  holes  (eq.  8)  is  redundant.  There  is  no 
time  derivative  because  of  the  assumption  of  steady  state,  so  the  gradient  of  the 
electron  flux  is  equal  to  the  three  source  and  sink  terms  on  the  right.  Note  that 
each  unsigned  term  on  the  right-hand  side  of  equation  (7)  is  positive:  the  first 
term  is  the  avalanche  (i.e.,  collision  ionization)  term,  the  second  is  the  beam 
ionization  and  charge  deposition,  and  the  third  is  recombination. 


The  only  other  equation  needed  is  that:  for  the  electric  field: 


dE/dx  « e(p  - n)e 


(y) 


where  e is  the  dielectric  constant  of  the  sample  material.  The  symmetry  forces  E(x) 
« jn(x)  ~ jp(x)  = 0 at  x - L/2  which  are  the  boundary  conditions. 

Using  equations  (4)  - (7),  we  obtain  the  following  equation  for  the  behavior  of 
the  electron  current: 


-djn/dx  ■ +yjn/(MnE)  + (I  + S)e 

+ t.in/(eMnE>  J2  ekun/Mp  (10) 

- (1  - 2x/L)  kSLjn/(2MnMpE2) 


None  of  the  variables  in  this  equation  are  negative.  Therefore,  in  the  region  under 
consideration,  all  terms  on  the  right-hand  side  have  the  sign  explicit  in  front  of 
them.  The  last  two  terms  in  combination  are  negative  as  in  equation  (6).  The 
equation  governing  the  electric  field  is  equation  (9).  Equation  (6)  can  again  be 
used  to  eliminate  p and  equation  (4)  to  eliminate  n with  the  result  that 

dE/dx  = -[(1  + gp/un)  jh/(,,p^ 

- (1  - 2x/L)  eSL/OupE)  ]/e  (11) 


We  have  adopted  the  form  of  the  collision  ionization  term  given  by  reference  3: 

V = aoMn|K|  exp(-E0/|nj)  (12) 

where  aQ  has  units  of  inverse  length. 
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Equations  (10)  and  (11)  a>e  a pair  of  coupled  ordinary  differential  equations 
for  jn  and  E.  They  may  be  east  into  dimensionless  form  by  the  use  of  the 
dimensionless  variables 


u 

■ 1 - 2x/L 

(13a) 

l 

* ^jn/eSL 

(13b) 

n 

" R/aE0 

(13c) 

and  the  dimensionless 

■"nt.s 

• eSt°/(4EppE02) 

(Ha) 

- e i<  / e un 

(14b) 

0 

1 p/^n 

(14c) 

A 

a0L/2 

(14d) 

o 

- i/s 

( 14e) 

The  two  equations  (10) 

and 

(11)  become 

d*/du_  * AU'xp(-l/a|nl)  l«tL/n  + (1  + o)  - b U_u_ _-_^)/n2  (15) 

dn/du  * [(1  + 6)(  - u]/n  (16) 


The  boundary  conditions  are  {(0)  = n(0)  = 0. 


PFOFEKTIES  OF  THE  SOLUTIONS 


Note  that  (u  - ()/l  is  the  dimensionless  hole  density  while  i/n  is  the 
dimension less  electron  density.  The  requirement  that  these  two  densities  be 
non-negative  places  a constraint  on  l: 

0 < ^ < u,  for  0 < u £ 1 (17) 
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Any  solution  which  falls  outside  this  range  is  not  physically  meaningful. 

Let  us  first  consider  the  case  for  which  there  is  no  collision  ionization 
(A  =0).  Then  the  two  equations  (15)  and  (16)  hav*  the  solution 


{(u)  = cu 


(18) 


n(u)  = gu 


where  c is  the  solution  of 


(1  + 6 - b)  c2  — [(1  + 6)( 1 + o)  + 1 — b]  c + (1  + o)  = 0 
and  g is  defined  by 

g2  =*  [(1  + 6)  c - 1] 


(19) 


(20) 


If  the  solution  is  to  be  physically  meaningful,  then  c must  be  less  than  unity.  For 

many  situations  of  interest,  both  6 and  b are  very  small  so  that  c = 1 - A where  A 

is  much  less  than  unity-  To  second  order  in  the  srall  quantities  0 and  b 

& to  6(1  - 6 - b/o)  (21a) 

g2  « 6b/o  (21b) 


For  purposes  of  illustration,  however,  it  is  preferable  to  use  values  of  order  one. 
In  figure  2 we  show  the  solution  for  6 - 0.5  and  b = o = 1.0.  The  solution  is 
independent  of  a,  the  dimensionless  electron  deposition  rate.  Both  the  electric 
field  and  the  two  currents  (electron  and  hole)  are  linear.  The  electron  and  hole 
densities  are  constant.  The  quantity  0 is  the  dimensionless  potential  and  is 
defined  as 


0(u)  = 2V(x)/(aE0L)  = 


u 

/ 


n(u)du  - 0O 


(22) 


where  V(x)  is  the  electrostatic  potential  with  V(0)  = V(L)  = 0,  and  0O  is  the 
dimensionless  potential  at  u = 0 (x  = L/2). 


tn  the  preceding  example  the  dimensionless  electron  and  hole  currents 
U and  u - 5,  respectively)  as  well  as  the  dimensionless  electric  field  (n)  are 
independent  of  the  dimensionless  electron  deposition  rate  (a).  (Of  course,  the 
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dimensional  quantities  are  strongly  dependent  on  the  electron  deposition  rate.) 
However,  when  A is  non^zero,  the  collision  ionization  term  introduces  an  explicit 
dependence  on  a.  Because  this  term  is  always  positive,  its  presence  causes  both 
dt/du  and  {(u)  to  increase.  We  have  solved  equations  (15)  and  (16)  numerically  for 
the  same  values  of  6,  b,  and  a as  above,  but  with  A = 0.01.  As  expected,  the 
solution  is  no  longer  independent  of  a.  Solutions  for  three  values  of  a are  shown 
in  figure  3.  Note  that  for  a = 4.58  both  the  hole  current  and  the  hole  density 
vanish  at  the  electrodes.  If  a is  increased  beyond-  4.58,  the  solution  predicts 
negative  hole  densities  near  the  electrode.  Since  negative  hole  densities  are 
physically  meaningless,  this  means  that  there  is  no  steady  state  solution  for 
a > 4.58.  We  interpret  this  to  mean  that  the  dielectric  will  break  down. 


DISCUSSION 


We  have  presented  a simple  model  of  the  effects  of  an  electron  beam  on  a 
dielectric  sample.  We  have  assumed  that  the  sample  is  homogeneous  and  that  the 
incident  beam  is  spatially  uniform.  We  have  also  assumed  that  the  beam  deposits 
electrons  uniformly  throughout  the  sample.  We  have  found  that  if  the  incident  beam 
current  (or  electron  deposition  rate)  becomes  larger  than  a critical  value,  there 
are  no  steady  state  solutions,  which  we  interpret  to  be  an  indication  of  breakdown. 

We  have  only  begun  to  explore  the  properties  of  this  model  for  realistic  values 
of  the  model  parameters.  We  anticipate  that  the  simplicity  of  the  model  will  limit 
the  accuracy  with  which  it  represents  a real  dielectric  charging  problem.  However, 
we  hope  that  the  very  simplicity  of  the  model  will  make  it  possible  to  thoroughly 
study  and  understand  the  physical  processes  leading  to  breakdown  in  this  idealized 
case.  We  feel  that  this  is  an  important  first  Step  in  the  development  of  more 
realistic  models  which  take  into  account  material  inhomogeneities  (e.g.,  localized 
defects) . 


REFERENCES 


1.  Stevens,  N.  J.:  Analytic  Modeling  of  Satellites  in  the  Geosynchronous 

Environment.  Spacecraft  Charging  Technology,  NASA  CP2181  (AFGL-TR-81-0270), 
1980,  pp.  717-729. 

2.  O'Dwyer,  J.  J.:  Theory  of  High  Field  Conduction  in  a Dielectric,  J.  Appl.  Phys., 

vol.  40,  no.  10,  Sept.  .1969,  pp.  3887-3890. 

3.  Beers,  B.  L.;  Pine,  V,  W. ; and  Ives,  S.  T.:  Continued  Development  of  a Detailed 

Model  of  Arc  Discharge  Dynamics.  NASA  CR-167977,  Dec.  1982. 


Figure  1.  - Model  Geometry.  Electrons  moving  to  the  right  produce  negative 
current.  The  beam  deposits  electrons  uniformly  throughout  the  sample. 

These  electrons  drift  toward  the  two  electrodes  where  they  return  to  ground. 
In  steady  state  the  total  current  flowing  to  ground  is  equal  to  the  differ- 
ence between  the  transmitted  beam  current  and  the  incident  beam  current. 


X/L  X/L 


Fiqure  2.  - Solution  for  no  collision  ionization  (x  = 0),  6 = 0.5,  b = a = 1.0. 
Total  conduction  current  is  proportional  to  u.  The  electron  current  (5)  and 
the  hole  current  (u  - c)  are  constant  fractions  of  the  total  conduction 
current.  The  electron  and  hole  densities  [$l n and  (u  - e)/n]  are  also 
constant,  n is  the  dimensionless  electric  field,  and  $ is  the  dimension- 
less potential. 


•Xu, 


Figure  3„  - Solutions  for  x = 0.01,  6 = 0.5,  b = o = 1.0,  and  a = 1,  3.5,  and 
4.58.  When  the  dimensionless  electron  deposition  rate  a >4.58,  the  solution 
gives  negative  hole  densities  [ ( u - e)/n]  near  the  electrodes.  This  implies 
that  there  is  no  physically  meaningful  steady  state  solution,  i.e.,  the 
dielectric  breaks  down. 
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A joint  Air  Force/NASA  comprehensive  research  and  technology  program  on 
spacecraft  environmental  Interactions  Is  being  undertaken  to  develop  technology 
to  control  Interactions  between  large,  spacecraft  systems  and  the  charged- 
particle  environment  of  space.  This  technology  will  support  NASA/Department  of 
Defense  operations  of  the  shuttle/IbS,  shuttle/Centaur,  and  the  force  applica- 
tion and  surveillance  and  detection  missions,  planning  for  transatmospherlc 
vehicles  and  the  NASA  space  station,  and  the  AFSC  military  space  system  tech- 
nology model.  The  program  consists  of  combined  contractual  and  In-house 
efforts  aimed  at  understanding  spacecraft  environmental  Interaction  phenomena 
and  relating  results  of  ground-based  tests  to  space  conditions.  A concerted 
effort  Is  being  made  to  Identify  project-related  environmental  Interactions  of 
concern.  The  basic  properties  of  materials  are  being  Investigated  ta  develop 
or  modify  the  materials  as  needed.  A ground  simulation  Investigation  Is  eval- 
uating basic  plasma  Interaction  phenomena  to  provide  Inputs  to  the  analytical 
modeling  Investigation.  Systems  performance  Is  being  evaluated  by  both  ground- 
based  tests  and  analysis.  An.  environmental  Impact  Investigation  to  determine 
the  effect  of  future  large  spacecraft  on  the  charged-particle  environment  Is 
planned.  Finally,  spaceflight  Investigations  will  verify  the  results  of  this 
technology  Investigation.  The  products  of  this  research  and  technology  program 
are  test  standards  and  design  guidelines  that  will  summarize  the  technology, 
specify  test  criteria,  and  provide  techniques  to  minimize  or  eliminate  system 
Interactions  with  the  charged-particle  environment.  The  Investigation  Is  coor- 
dinated by  a Spacecraft  Environmental  Interaction  Program  steering  committee, 
which  will  Incorporate  Into  this  Investigation  the  requirements  of  both  the 
Air  Force  and  NASA. 


STEERING  COMMITTEE 

The  functions  of  this  committee  are  to  coordinate  all  phases  of  the  Inves- 
tigation, to  review  progress,  and  to  direct  changes,  as  required*  to  satisfy 
the  needs  of  the  Air  Force  and  NASA.  The  committee  will  meet  annually  to 
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review  the  program,  ta  resolve  pending  action  items,  to  form  working  groups  as 
needed,  and  to  issue  required  action  Items.  The  minutes  of  these-meetlngs  will 
be  Issued. 

The  committee  will  report  to  the  NASA/Qfflce  of  Aeronautics  and  Space 
Technology,  Air  Force  Space  Command/DL,  and  AFSTC  through  the  Science  and  Tech- 
nology Interdependency  Group. 

The  steering  committee  consists  of  the  following  members: 

Co-Chairpersons;  Charles  P.  Pike,  Air  Force  Geophysics  laboratory  (AFGL);  and 
Carolyn  K.  Purvis,  NASA  Lewis  Research.  Center 

Members:  Wayne  R.  Hudson,  NASA  HQ^_  Henry  B.  Garrett,  JPL;  A.  R.  Fredrickson, 
Rome  Air  Development  Center;  0.  A.  Guldlce,  AFGL;  and  Lt.  R.  Cull,  Air  Force 
Weapons  Laboratory 

The  steering  committee  will  form  working  groups  as  needed  to  review,  plan, 
and  coordinate  Investigations  In  specific  areas,  to  recommend  new  directions 
as  required,  and  to  make  periodic  progress  reports  to  the  steering  committee. 
The  working  groups  will  function  to  keep  the  various  organizations,  both  those 
within  the  formal  program  and  others,  coordinated  in  their  various  activities. 
The  chairperson  of  each  working  group  Is  appointed  by  the  steering  committee 
and  Is  responsible  for  selecting  members  of  the  working  group  from  the  tech- 
nical experts  of  the  government,  Industrial,  and  university  communities. 


JUSTIFICATION  _ 

Missions  using  very  large  spacecraft  are  planned  for  the  remainder  of  the 
1980's  and  the  space  station  Is  scheduled  for  operation  In  the  1990's.  The 
missions  are  planned  to  Initially  use  equatorial  and  low-inclination  orbits  and 
then  move  to  polar  and  geosynchronous  orbits.  Typical  missions  are  communica- 
tions platforms  and  space-based  radar.  The  Air  Force/NASA  Spacecraft  Charging 
Technology  Investigation  showed  that  environmental  charged-particle  fluxes  can 
act  on  spacecraft  surfaces  and  influence  system  performance.  These  new,  larger 
spacecraft  can  have  potentially  serious  Interactions  at  all  altitudes  and  these 
Interactions  must  be  evaluated.  Because  the  proposed  structures  have  dimen- 
slons  larger  than  characteristic  plasma  lengths,  differential  surface  charging 
Is  possible.  The  motion  of  such  a large  structure  In  the  Earth’s  magnetic 
field  will  Induce  electromagnetic  forces  on  the  structure.  Since  these  struc- 
tures are  designed  for  low-density  materials,  electromagnetlcally  Induced 
stress  can  affect  the  mechanical  design. 

There  Is  also  a trend  toward  high-power  modules  for  space  applications. 
Plans  have  been  established  for  25-kW  modules  In  the  late  1980's,  expanding  to 
500-kW  modules,  possibly  nuclear,  In  the  late  1990's.  At  these  power  levels 
the  operating  voltages  will  most  likely  be  higher  than  the  present  range  of  30 
to  100  V for  greater  system  efficiency.  This  elevation  of  operating  voltages 
means  that  Interactions  between  the  biased  surfaces.  Including  thermal  radia- 
tors for  high-power  systems,  and  the  plasma  environment  are  more  probable. 

Laboratory  tests  on  small  solar  array  samples  have  Indicated  that  possible 
Interactions  Include  the  establishment  of  parasitic  current  loops  through  the 
environment  (resulting  In  power  losses),  arcing  at  negative  potentials,  and 
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disproportionate  current-collection  through  holes  in  Insulation  to  biased  sur- 
faces underneath.  These  effects  can  adversely  influence  the  operation  of  space 
power  (nodules  and  must  be  understood  before  build-lag  high-power  systems. 


There  Is  a growing  concern  for  the  Influence  that  the  very  large  struc- 
tures proposed  for  future  applications  can  have  on  tPs  charged-particle  envi- 
ronment. This  influence  may  significantly  alter  the  interactions  between  the 
structure  and  the-ehvlronment. 

Testing  larger,  quantities  and  greater  varieties  of  materials,  including 
prolonged  exposure  to  the  space  environment,  is  needed  to  determine  performance 
reliability  for  extended-duration  missions.  As  spacecraft  become  larger  and 
more  expensive,  the  reliability  of  specialized  materials  might  become  the  lim- 
iting parameter  for  missions.  To  improve  reliability,  the  space  environment 
must  be  well  characterized  and  the  material  responses  to  that  environment  must 
be  determined. 


OBJECTIVES 

The  overall  objective  of  this  Investigation,  is  to  develop  the  technology 
for  controlling  or  mitigating  spacecraft  system  interactions  with  the  plasma, 
particle,  and  field  environment  of  space.  The  technology  developed  in  this 
investigation  will  support  proposed  Air  Force/NASA  space  mission  concepts  into 
the  1990' s. 


APPROACH 

The  initial  emphasis  in  this  investigation  will  be  on  low-Earth-orblt 
(LEO)  altitudes.  The  proposed  missions  will  be  cataloged,  engineering  speci- 
fications for  the  charged-particle  environment  established,  and  possible  inter- 
actions identified.  The  ground  technology  investigation  will  concentrate  on 
determining  and  modeling  plasma  phenomena  and  then  extrapolating  these  results 
to  system  interactions  and  performance  in  space.  Applicable  techniques  avail- 
able to  the  participants  will  be  used. 

The  environmental  interactions  for  large  systems  operating  in  altitudes 
out  to  geosynchronous  conditions  will  be  evaluated  after  the  LEO  study.  The 
geosynchronous  environmental  investigation  will  use  the  LEO  study  results  as 
well  as  applicable  techniques  from  the  Air  Force/NASA  Spacecraft  Charging  Tech- 
nology investigation.  In  both  the  LEO  and  geosynchronous  environmental  inter- 
actions investigations,  the  effect  of  large  systems  on  the  environment  will  be 
evaluated  as  well  as  the  effect  of  the  environment  on  system  performance. 

Spaceflight  experiments  will  be  conducted  to  verify  the  results  of  the 
ground-based  technology  investigation  of  the  environmental  interactions.  These 
space  experiments  will  be  coordinated  with  the  ground-based  study. 


PRODUCTS 

The  output  of  this  investigation  will  be  a series  of  test  standards  and 
design  guideline  documents.  These  will  be  issued  in  a preliminary  form  early 
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In  the  Investigation  and  upgraded  as  the  study  continues.  The  major  milestones 
for  this  Investigation  are  shown  In  table  I. 


TASKS 

For  each  element  of  this  Investigation,  the  approach  Is  summarized  and 
the  known  tasks  identified.  The  agency  or  agencies  responsible  for  directing 
and  coordinating  the  work  under  each  task  are  given.  Although  the  primary 
responsibility  Is  assigned  to  one  agency,  the  expertise  of  other  agencies  will 
be  used. 


User.  Requirements 

It  Is  necessary  to  Identify  those  missions  or  projects  that  could  benefit 
from  the  technology  that  will  be  developed  by  this  Investigation  and  to  Incor- 
porate their  requirements.  This  will  be  done  by  maintaining  close  liaison  with 
government  funding  sources  and  project  offices.  Potential  applications  of  the 
technology  have  been  Identified  as 

(1)  Polar  shuttle 

(2)  Space  station 

(3)  Multlkllowatt  space  power  systems 

(4)  Large,  high-power  communications  satellites 

(5)  Large  surveillance  satellites 

(6)  Scientific  spacecraft 

The  primary  Interactions  to  be  evaluated  have  been  tentatively  Identified  as 

(1)  Large  space  system  Interactions.  These  Interactions  Involve  the 
possible  effects  due  to  the  motion  of  a large  body  In  the  space  environment 
and  due  to  material  reactions  to  the  charged-particle  fluxes. 

(2)  Blased-system/charged-partlcle  Interactions.  These  Interactions 
Include  spacecraft  systems  that  generate  or  use  high  voltage  exposed  to  space. 
Communications  satellites  and  spacecraft  systems  using  high-voltage  space  power 
modules  fall  Into  this  category. 

(3)  Scientific  Instruments  and  sensor  Interactions.  The  effect  of  elec- 
tric fields  surrounding  a spacecraft  on  the  behavior  of  scientific  Instruments 
and  sensors  will  be  evaluated. 

(4)  Large  structure  Interactions  on  the  environment.  The  presence  of  the 
proposed  large  structures  may  affect  the  environment.  Such  effects  must  be 
evaluated. 

(5)  Enhanced-partlcle  environment  Interactions.  These  Interactions 
Involve  spacecraft  sources  of  particles  that  can  be  Ionized  and  Increase  the 
charged-particle  environment  around  the  spacecraft.  Close  coordination  w*ll 
be  maintained  with  the  existing  Air  Force/NASA  Spacecraft  Contamination 
Investigation. 

(6)  High-energy  particle  Interactions.  Penetrating  radiation  effects 
will  be  evaluated  In  this  study  only  Insofar  as  they  can  Influence  charging 

602 


a 


phenomena  (e.g.,  internal  spacecraft  charging  and  radiation-enhanced  conductiv- 
ity In  materials).  Close  coordination  will  be  malntalned-wlth  other  groups 
conducting  radiation  damage  .evaluations-, 

(7)  Charging  response  of  spacecraft  materials.  This  response  depends  on 
some  basic  material  properties  ~ conduction,  prebreakdown  streamer  formation, 
photoconduction,  and  polymer  degradation.  These  and  other  pertinent  material 
properties  will  be  studied  In  relat4on_to  space  environmental  Interactions. 

The  specific  tasks  and  responsible  agencies  are  listed  here. 

Task  1;  coordination  and  overview.  - Coordinating  user  needs  and  Incor- 
porating these  needs  Into  the  Investigation  will  be  the  responsibilities  of 
the  steering  committee. 

Task  2:  Air  Force  and  NASA  contacts.  - Each  agency  will  maintain  a close 
relationship  with  the  projects  it  manages  In  order  to  determine  user  needs  and 
will  report  those  needs  to  the  steering  committee  for  coordination  and  Incor- 
poration Into  this  Investigation. 


Environment  Specifications- 

The  natural  environment  will  be  investigated  and  engineering  specifica- 
tions generated  or  updated  as  appropriate.  The  effect  of  large  spacecraft  on 
the  environment  will  also  be  Investigated  and  evaluated. 

Task  1;  Earth  environment  specification.  - The  available  data  for  the 
low-Earth-orblt  plasma,  particle,  and  field  environment  will  be  reviewed.  An 
engineering  specification  for  this  region  will  be  generated  and  made  available 
to  all  parties  concerned  with  environmental  Interactions.  This  work  will  be 
the  responsibility  of  AFGL  and  JPL. 

Task  2:  plantarv  environment  specification.  - The  available  data  for 

planetary  environments  will  be  reviewed.  An  engineering  specification  for 
these  environments  will  be  generated  and  made  available  to  all  parties  con- 
cerned with  environmental  Interactions.  This  work  will  be  directed  by  JPL. 

Task  3:  enhanced  spacecraft  environment  specification.  - The  available 
data  on  possible  outgasslng  or  other  sources.  Including  arc  discharges  on  the 
plasma  wake  and  sheath  that  can  enhance  the  charged-particle  environment,  will 
be  reviewed.  An  engineering  specification  for  this  enhanced  environment  will 
be  generated  and  made  available  to  all  parties  concerned  with  spacecraft  envi- 
ronmental Interactions.  Close  coordination  will  be  maintained  with  the  Air 
Force/NASA  Spacecraft  Contamination  Investigation,  which  Is  principally  con- 
cerned with  particulate  contamination,  and  related  programs  to  avoid  duplica- 
tion. This  work  will  be  the  responsibility  of  JPL. 

Task  4:  environmental  Impact.  - Using  the  environmental  specifications 

and  the  proposed  plans  for  large  spacecraft,  the  possible  alterations  to  the 
natural  environment  due  to  the  presence  of  the  spacecraft  will  be  Investigated 
and  evaluated.  This  work  Is  currently  unfunded  but  Is  Included  as  It  Is  per- 
ceived as  a future  area  of  concern  to  support  environmental  Impact  assessments. 


Materials  Investigation 


The  basic  properties  of  typical  spacecraft  materials  exposed  to  the  space 
environment  will  he  determined,  and  new  or  modified. materials  will  be  devel- 
oped. The  specific- tasks  and  responsible  agencies-are  llsted-herb. 

Task.1:  material  property  determination.  - The  classical. properties  of 
typical  spacecraft  materlals-will  be  determined  as.  a- function  of  the  material 
parameters  and  environmental  fluxes.  The  properties  to  be  determined  are  those 
that  Influence  the  surface  potential  of  the  material  (e.g.,  secondary  emis- 
sions, backscatter,  conduction,  deposition,  and  photoemission).  Electron, 
proton,  and  photon  fluxes  as  determined  by  the  environmental  specifications  are 
to  be  considered.  This  work  will  be  the  responsibility  of  JPL,  Lewis,  and 
RADC . — 


Task.2;  new  or  modified  materials  development.  - Materials  having  selec- 
tive properties  will  be  developed  as  a means  of  controlling  detrimental  effects 
of  spacecraft  environmental  Interactions.  The  required  properties  for  these 
materials,  Including  advanced  composite  materials,  will  be  defined  from  the 
Interactions  studies.  The  materials  will  be  developed  and  tested  to  show  that 
they  will  meet  the  requirements.  This  task  will  be  che  responsibility  of 
AFWAL . 


Ground  Simulation  Investigation 

Existing  facilities  will  be  used  to  simulate  the  space  plasma  environment, 
and  the  Interactions. will  be  studied  experimentally.  The  specific  tasks  and 
responsible  agencies  are  listed  here^ 

Task  1:  basic  Interaction  studies.  - This  task. will  be  divided  into 

several  subtasks  each  devoted  to  the  study  of  a particular  aspect  nf  tho  tnt-or- 
actton  phenomena. 

(1)  Blased-system/charged-partlcle  Interactions  will  be  Investigated. 

Here  the  emphasis  Is  on  Identifying  key  parameters  (voltage  levels,  material 
properties,  geometry,  plasma  temperature  and  density,  and  magnetic  field 
strength  and  direction)  affecting  the  Interactions,  which  Include  collection 
of  currents  from  plasmas  and  arcing  In  the  presence  of  plasmas.  Interactions 
to  be  investigated  Include  those  between  systems  and  both  the  natural  space 
environment  and  the  enhanced  environment  resulting  from  the  presence  of  large 
systems.  This  work  will  be  conducted  by  Lewis. 

(2)  Plasma  sheath  growth  will  be  Investigated.  Interactions  between 
large  structures  moving  through  the  environment  will  be  Investigated.  Plasma 
wake  and  ram  effects  and  sheath  growth  will  be  evaluated.  Responsibility  for 
this  work  will  be  assigned  as  resources  become  available. 

(3)  Discharges  resulting  from  environmental  Interactions  will  be  charac- 
terized. Both  radiated  and  conducted  characteristics  will  be  determined. 

This  work  will  be  coordinated  by  JPL. 

(4)  Penetrating  radiation  studies  will  be  conducted  to  evaluate 
radiation-induced  charging  Interactions.  RADC  will  be  the  contact  point  for 
this  work. 


Task  2i  studies  of  large,  high-voltage  power  systems.  - In  this,  task  the 
baste  Interaction  study  results  from  section  5.4.1  (table  I)  wl-11  be  applled-io 
the  design  of  Urge  power  systems  for  space  applications.  The  Interactions 
will  be  scaled  to  the  size  of  a typical  large  power  system,  the  environmental 
conditions  will  be  scaled  from  ground  conditions  to  space,  and  the  effects  of 
the  environment  on  system  performance  will  be  evaluated.  Means  of  controlling 
detrimental  Interactions  will  be  devised.  Wherever  possible,  experiments  will 
be  conducted  to  demonstrate  that  the  Interactions  can  be  controlled.  This  work 
will  be  conducted  by  Lewis  for  NASA  missions  and  by  AFWA1.  for  Air  Force  mis- 
sions. AFWAL  will  alsa  Investigate  the  Interaction  of  various  weapons  threat 
scenarios  with  the  space  environment  and  solar  cell  power  systems.  After  these 
Initial  studies  component  hardware  will  be  developed,  tested,  and  Integrated 
Into  a complete  modular  power  system.  Primary  Interactions  are  expected  with 
the  solar  cell  array  and  the  radiators  - both  high  temperature  (>600  K)  and 
low  temperature  (300  K).  Where  necessary,  spaceflight  experiments  will  be 
developed. 

Task  3:  mitigation  techniques.  - The  environmental  Interaction  In  large, 
high-power  spacecraft  can  be  mitigated  by  techniques  such  as  active  charge 
control  devices.  Techniques  will  be  evaluated  to  determine  the  extent  to  which 
they  will  alleviate  detrimental  system  performance.  Tills  work  will  be  con- 
ducted by  AFGL. 


Analytical  Investigation 

Models  of  physical  processes  and  engineering  design  tools  will  be  devel- — 
oped.  Models  of  Individual  Interactions  will  be  developed  to  identify  criti- 
cal parameters.  These  will  be  Incorporated  Into  a general  engineering  analyt- 
ical tool  (or  tools)  to  aid  In  designing  systems  to  withstand  detrimental 
environmental  interactions.  The  specific  tasks  and  responsible  agencies  are 
listed  here. 

Task  1:  basic  plasma  phenomenological  modeling.  - The  basic  plasma  phe- 

nomena necessary  to  evaluate  environmental  Interactions  with  spacecraft  systems 
will  be  modeled.  These  phenomena  will  include  ram/wake  velocity  effects, 
plasma  sheath  effects,  a*d  magnetic  field  effects.  AFGL  and  Lewis  will  coor- 
dinate the  respective  efforts. 

Task  2:  discharge  modeling.  - Empirical  models  of  discharge  phenomena 

will  be  developed.  Radiofrequency  characterization  and  discharge  modeling  as 
a function  of  material  and  ambient  plasma  will  be  carried  out.  The  work-will 
be  coordinated  by  JPL. 

Task  3:  system  level  analytical  models.  - Analytical  models  will  be  de- 

veloped to  support  the  design  of  mission  spacecraft  for  the  1980' s and  1990's. 
These  design  tools  will  Incorporate  the  Interaction  models  developed  In 
section  5.5.1  (table  I)  and  will  be  capable  of  evaluating  the  effect  of  envi- 
ronmental Interactions  and  of  assessing  the  means  of  minimizing  detrimental 
Interactions.  The  following  models  will  be  developed: 

(1)  Large  space  structures.  This  model  will  evaluate  the  Interactions 
between  large  space  structures.  Including  the  shuttle,  and  the  space  environ- 
ment. It  will  be  developed  by  AFGL. 
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(2)  Large,  high-voltage  power  systems.  This  model  will  evaluate  the 
interactions  that  result  from  the  operation  of  high-voltage  systems  on  space- 
craft. It  wVU-be  developed  by  Lewis 

Task  4:,  charging  modeling.  - Analytical  models  and  empirical  data  till  be 
developed  to  determine  the  level- of  charging.  Induced  In  spacecraft  materials. 
The  work  will  be  coordinated  by  RADC. 


SPACEFLIGHT  EXPERIMENT 


ION 


The  results  of  the  ground-based  technology  program  must  be  verified  In 
the  actual  spaee  environment.  To  accomplish  this,  spaceflight  experiments 
have  been  conducted  and  are  planned.  Close  liaison  will  be  maintained  with 
the  NASA  Shuttle  Project  Office,  the  NASA  Space  Station  Office,  and  the  DOD 
Space  Test  Program  Office  to  maintain  cognizance  of  flight  opportunities.  At 
this  time  It  Is  not  possible  to  completely  specify  the  number  and  types  of 
experiments  that  will  be  required;  they  will  be  the  logical  outgrowth  of  this 
technology  Investigation  as  It  progresses.  Space  experiments  funding  Is  not 
Included  In  the  agreement. 


DESIGN  GUIDELINES  AND  TEST  STANDARDS 

Design  guidelines  and  test  standards  will  be  Issued  and  updated  as  this 
program  develops.  These  documents  will  summarize  the  state  of  the  art  of  the 
various.  Interactions  being  studied.  Guidelines  to  be  used  In  designing  systems 
for  space  applications  and  test  criteria  for  verifying  conformance  will  be 
delineated.  All  participating  agencies  will  submit  their  contributions  for 
compilation  by  the  steering  committee.  Lewis  and  AFGL  will  be  responsible  for 
Issuing  the  design  guidelines  and  test  standards. 


ORGANIZATIONAL  RESPONSIBILITIES 


Steering  committee: 

(1)  Overall  planning,  coordination,  and  reporting  of  the  investigation 

(2)  Incorporation  of  user  requirements  Into  the  Investigation 

(3)  Coordination  of  basic  plasma  phenomena  modeling 

(4)  Coordination  of  spaceflight  experiment  options 

(5)  Conduct  of  annual  meeting,  Issuance  of  minutes,  and  formation  of 
working  groups 

AFGL: 

(1)  Air  Force  point  of  contact 

(2)  Coordination  for  Air  Force 

(3)  Development  of  test  standards  and  military  standards 

(4)  Natural  environment  engineering  specifications  and  basic  Interaction 
analytical  studies:  wake  and  ram 

(5)  Techniques  for  mitigating  system-limiting  effects 
(.6)  Analytical  modeling  of  large  space  structures 
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AFWAL : 

(1)  Development  of  new  or  modified  materials 

(2)  Studies  and  development  testing  of  high-voltage,  high-power  systems 

RADC:  Study  of  effects  of  penetrating  radiation  and  charging  on  materials 

NASA  HQ:  Eosurance  of  environmental  Interactions  technology  responsible  to 
NASA  needs 

Lewis: 

(1)  NASA  point  of  contact 

(2)  Coordination  for  NASA 

(3)  Determination  of  material  properties 

(4)  Issuance  of  design  guidelines  document 

(5)  Conduct  of  basic  Interaction  experimental  studies:  biased-system  - 

charged-particle  Interactions 

(6)  Analytical  modeling  of  high-voltage  system 

3 PL: 

(1)  Specification  of  Earth  and  planetary  environments 

(2)  Determination  of  material  properties 

(3)  Conduct  of  basic  Interaction  experimental  studies:  discharges 

(4)  Conduct  of  analytical  discharge  studies 

(5)  Formulation  of  enhanced  spacecraft  environment  specification 
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INTERACTIONS  MEASUREMENT  PAYLOAD  FOR  SHUTTLE 


0.  A.  Guldlce  and  C.  P.  Pike 
Air  Force  Geophysics  Laboratory 
Hanscom  Air  Force  Base,  Massachusetts  01731 


The  purpose  of  the  Interactions  Measurement  Payload  for  Shuttle  (IMPS)  is 
to  develop  a payload  of  engineering  experiments  to  determine  the  effects  of  the 
space  environment  on  projected  Air  Force  space  systems.  Measurements  by  IMPS 
on  a late-1980s  polar-orbit  Shuttle  flight  will  lead  to  detailed  knowledge  of 
the  interaction  of  the  low-altitude  polar-auroral  environment  on  materials, 
equipment  and  technologies  to  be  used  in  future  large,  high-power  space  systems. 
The  results  from  the  IMPS  measurements  will  provide  direct  input  to  MIL-STD 
design  guidelines  and  test  standards  that  properly  account  for  space-environment 
effects. 


INTRODUCTION 

The  adverse  effects  of  the  space  environment  on  space  systems  have 
caused  many  operating  anomalies  in  communication  and  surveillance  satellites. 

These  anomalies  were  mainly  associated  with  energetic-particle  radiation  or 
with  spacecraft  charging  at  geosynchronous  altitudes.  For  larger  space  systems 
operating  in  low-earth  polar  orbits,  a new  set  Of  environment-induced  inter- 
actions will  affect  the  operation  of  various  equipments  and  subsystems.  These 
adverse  effects  may  limit  the  construction  or  mechanical  performance  of  large 
structures  in  space  or  limit  the  power  levels  available  for  solar-cell  sources. 
Before  any  new  Air  Force  space  systems  are  built  and  deployed,  we  must  obtain 
sufficient  environment-interaction  information  to  assure  their  continued  effec- 
tive operation  in  Space. 

The  effects  of  the  space  environment  on  large-structure,  high-power  space 
systems  are  unknown.  Of  particular  concern  is  operation  in  the  polar-auroral 
region  at  low  to  medium  altitudes  (200  to  2000  km).  The  physical  processes  of 
this  regime  and  the  interactions  of  the  environment  with  materials,  subsystems, 
and  technologies  characteristic  of  Air  Force  space  systems  of  the  1990s  must  be 
quantified  to  assure  the  reliable  operation  of  projected  space  systems.  IMPS 
will  measure  polar-auroral  effects  on  solar-array  panels,  spacecraft  materials, 
structures,  electronic  subsystems,  and  astronaut  EVA  equipment.  It  emphasizes 
application  to  large,  high-power  systems  and  is  directed  toward  technologies 
identified  in  the  Military  Space  Systems  Technology  Model  (MSSTM). 

SPACE  OPERATIONS  AND  POSSIBLE  INTERACTIONS 

The  first  step  in  deciding  what  instrumentation  should  be  included  in  IMPS 
is  to  define  several  Air  Force  space-operations  objectives  and  determine  how  the 
space  environment  will  interact  with  the  equipment  or  technologies  needed  to 
carry  out  those  operations.  Since  IMPS  will  fly  in  polar  orbit,  polar-auroral 
environment  interactions  will  be  emphasized.  The  purpose  of  the  IMPS  measurements 
will  be  to  quantify  Important  environmental  interactions  — those  that  will 
restrict  certain  kinds  of  space  operation,  limit  the  performance  of  a particular 
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system,  or  prevent  (or  make  impractical)  the  use  of  a certain  technology. 

After  deciding  what  kinds  of  interaction  are  likely  to  have  serious  effects, 
we  must  determine  what  interaction  parameters  can  actually  be  measured  on  a- 
polar-or-blting  Shuttle  flight.  In  conjunction  with  the  measurements  of 
effects  on  materials,,  equipments  and  technologies,  we  must  characterize  tire 
physical  properties  of  the  environment  causing  the  interactions.  The  deter- 
mination- of  the  required  interactions  measurements  will  lead  to  a definition 
of  IMPS  mission  objectives.  

Some  generic  Air  Force  space  operations  to  be  addressed  by  IMPS  are: 

a.  Operation  of  optical  systems 

b.  Operation  of  radar  systems 

c.  System  deployment  or  on-orbit  repair  necessitating  astronaut  extra- 
vehicular activity  (EVA). 

Operation  in  the  polar-auroral  environment  is  to  be  stressed. 

Possible  space-environment  effects  on  optical  systems  include: 

(1)  Effects  associated  with  large  heat  dissipation  resulting  from  the  low 
efficiency  of  lasers  or  cryogenic  refrigerators  (for  cooled  infrared  detectors). 

(2)  Effects  of  contamination  and  material  property  changes  on  optical 
surfaces. 

(3)  Limitations -in  power  generation  due  to  leakage  or  arc-discharge  in 
solar  arrays. 

(4)  Plasma  effects  on  solar-cell  material. 

(5)  Differential  charging  of  closely-packed  small  dielectric  surfaces 
(multi-element  infrared  detectors). 

(6)  Effects  on  large  high-precision  structures  used  to  support  and  point 
complex  optical  assemblies. 

Figure  I shows  a possible  configuration  for  a space-based  radar  system, 
from  which  one  can  begin  to  perceive  potential  environmental  interactions. 

Some  possible  space -environment  effects  on  radar  systems  include: 

(1)  Limitations  in  power  generation  due  to  leakage  or  arc-discharge  in 
solar  arrays. 

(2)  Plasma  effects  on  solar-cell  material. 

(3)  For  power  distribution  utilizing  high  voltages:  arc-discharges, 
dielectric  breakdowns. 

(4)  For  power  distribution  utilizing  high  currents:  structural  stresses 

and  torques  due  to  large  prime-power  current  loops  and  in-orbit  varying 
terrestrial  magnetic  -field. 
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(5)  Electromagnetic  interference  (EMI)  affecting  radar  receiver  performance, 

(6)  Plasma  effe-ets  (such  as  dif fewMitial—charging)  on  feed  structure  and 
reflector-  materials-. 

Figure  2 shows  astronauts  engaged  in  space-system  deployment  or  in-orbit 
repair  activities  requiting  F.VA.  Some  possible  space -environment  effects  on 
this  activity  include: — 

(1)  Differential  charging  between  the  astronaut  and  his  spacecraft  or  the 
spacecraft  being  repaired  due  to  particular  environmental  conditions  in  the  area. 

(2)  Interactive  effects  on  the  electronics  of  future  EVA-systems  due  to 
electromagnetic  interference  or  differential  charging. 

(3)  Effects  in  the  space-plasma  environment  due  to  thermal-control  water 
discharge  in  the  astronaut's  Life  Support  System  (LSS). 

IMPS— CONCEPTS  

The  objective  of  the  Interactions  Measurement  Payload  for  Shuttle  (IMPS) 
program  is  to  develop  a payload  of  appropriate  engineering  experiments  to 
measure  the  effects  of  the  polar-auroral  environment  on  materials,  subsystems, 
and  technologies  that  will  be  used  in  future  Air  Force  space  systems.  The 
payload  will  consist  of: 

a.  A.  complement  of  engineering  experiments  to  measure  and  quantify  the 
different  kinds  of  interactive  effects  caused  by  the  environment  on  various 
parts  of  projected  future  space  systems. 

b.  In  support  of  the  engineering  experiments,  a limited  set  of  polar- 
auroral  environment  Sensors  to  characterize  the  environment  causing  the  dis- 
ruptive interactive  effects. 

Interactive  effects  to  be  investigated  by  the  engineering  experiments  will 
include: 

(1)  Interaction  of  the  auroral  plasma  and  current  sheets  on  high-voltage 
solar  arrays,  resulting  in  power  leakage  or  arc-breakdown. 

(2)  Interaction  of  spacecraft  electrical  currents  with  polar  magnetic 
fields  on  large  space  structures,  causing  torques  or  structure  deformation 
(reducing  the  pointing  accuracy  of  a large  antenna,  for  example). 

(3)  Interactions  that  increase  electromagnetic  interference,  reducing  the 
effectiveness  of  space  communications  or  surveillance  systems. 

(4)  Interactions  that  degrade  the  properties  or  performance  of  materials  or 
electronic  circuitry,  resulting  in  operational  anomalies  or  subsystem  failures. 

(5)  Interactions  that  pose  a threat  to  the  astronaut  during  polar-orbit  EVA 
(causing  a malfunction  in  the  astronaut's  Manned  Maneuvering  Unit,  for  example). 
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V. 


Figure  3 illustrates  the  concept  of-the  Interactions  Measurement  Payload- 
heing  developed  under  Project  2822*  The  IMPS  effort  is  one  of  three  projects 
in  Program  Element  6341QF,  Space  Systems  Environmental  Interactions  technology 
PE  634J0F  is-  an  integral  part  of  the  Agreement  for  NASA/OAST  - USAF/AFSC  Space 
InterdSpendency  on  Spacecraft-Environment  Interaction  (May  1-980).  Under 
PE  63410F,  IMPS  is  responsible  for  polar-auroral  Interactions  measurements. 

IMPS  will  make  substantial  use  of  the  space  techn  Logies  and-  instrumentation 
developed  by  NASA  technology  centers  and  Air  Force  organizations  such  as  Air 
Force  Wright  Aeronautical  Laboratories  (AFWAL). 

IMPS  PRELIMINARY  WORK 
Initial  Payload  Concept  Study 

In  FY82,  Jet  Propulsion  Laboratory  (JPL),  under  the  direction  of  Air  Force 
Geophysics  Laboratory  (AFGL),  carried  out  a basic  shuttle  payload  concept  study. 
It  was  through  this  study  that  many  of  the  basic  concepts  for  IMPS  were  first 
defined.  In  December  1981,  JPL  hosted  a meeting  attended  by  about  70  experts 
in  a number  of  key  spacecraft  interaction  areas.  Experiment  questionnaires 
were  distributed  to-  the  meeting's  participants;  ultimately  about  70  were  re- 
turned. The  information  from  these  questionnaires  was  used  by  JPL  to  put 
together  an  initial  IMPS  experiments  list  which  was  subsequently  reviewed  and 
modified  by  AFGL.  Additional  reviews  and  meetings  with  AFGL,  JPL,  and  AF 
Space  Division  personneL  lead  to  further  refinements  in  the  payload  concept. 
Eventually,  three  sequential  payloads  were  defined,  each  of  the  latter  payloads 
adding  to  the  experiments  of-  the  previous  one. 

Payload  A consisted  of  engineering  experiments  and  environmental  sensors, 
but  had  no  "active"  engineering  experiments  (experiments  that  contribute  to  the 
environment  causing  the  interactions).  Payload  B had,  in  addition  to  A's 
experiments  and  sensors,  two  "active"  engineering  experiments:  a Charge  Control 

System  (CCS)  and  a Plasma  Interactions  Experiment  (P1X).  Payload  C added  (to 
Payload  B)  an  experiment  evaluating  interactions  with  astronaut  EVA  systems. 
Payload  C is  shown  in  Figure  4.  AFGL  has  submitted  a Space  Flight  Request  (DD 
Form  1721)  for  IMPS  utilizing  JPL's  Payload  C to  the  Space  Test  Program  (STP). 
IMPS  (AFGL-306)  now  ranks  high  on  the  priority  list  for  Shuttle  flight  under  STP. 


IMPS  Baseline  Definition 

Before  beginning  the  full-scale  development  of  instrumentation  for  IMPS, 
one  must  first  develop  a program  baseline.  For  this  purpose.  Jet  Propulsion 
Laboratory,  under  AFGL's  direction,  recently  began  an  IMPS  baseline  definition 
effort  to  include: 

a.  Determination  of  what  will  be  required  of  the  IMPS  mission  to  satisfy 
Air  Force  space-operations  objectives. 

b.  Preliminary  and  final  recommendations  for  selection  (.by  AFGL)  of  engi- 
neering experiments  and  environmental  sensors  for  IMPS  through  the  work  of  an 
Engineering/Science  Working  Group  (ESWG). 


c.  A recommended  IMPS  implementation  plan  to  serve  as  a guide  for  the 
large-scale- future  work  to  develop,  test, ^integrate,  and  fly  IMPS. 

d.  A cost  estimate  for  the  IMPS  program  (for  later  trade-off  studies). 


IMPS  FOLLOW-ON  WORK 

In  general,  the  engineering  experiments  for  IMPS  will  be  obtained  through 
the  AF  laboratories,  NASA  technology  centers,  and  other  science  and  engineering 
organizations  that  will  be  developing  hardware  and  technology  for  future  space 
application.  Because  these  organizations  are  looking  forward  to  the  successful 
usage  or  operation  of  their  hardware/technology  in  space,  they  have  shown  a strong 
interest  in  the  IMPS  program  as  a means  of  finding  Out  how  their  hardware/tech- 
nology will  be  affected  by  the  space  environment.  AFGL  will  provide  to  these 
organizations  support  from  the  IMPS  program  to  put  together  engineering  experiments 
involving  their  internally-deve loped-  materials , equipment,  or  technologies.  These 
experiments  will  be  designed,  fabricated,  and  tested  under  the  direction  of  the 
of  the  particular  AF  laboratory,  NASA  technology  center,  or  other  S&E  organization. 
In  most  instances,  the  detailed  work  will  be  carried  out  through  contracts  with 
universities,  research  organizations,  and  industrial  companies. 

Experiment  and  Sensor  Development 

Work  on  IMPS  instrument  development  will  include: 

a.  Selection  of  required  engineering  experiments  and  environmental  sensors 
by  AFGL. 

b.  Design  of  the  individual  engineering  experiments^ 

c.  Development  and  fabrication  of  the  experiments  and  sensors. 

d.  Testing  of  individual  engineering  experiments  and  environmental  sensor 
packages  at  the  builder's  facility  to  ensure  that  they  fulfill  IMPS  requirements 
for  making  the  various  measurements.  Testing  to  ensure  that  they  conform  to  IMPS 
guidelines  regarding  command  and  power  distribution,  recording  and  telemetry,  etc. 
Testing  to  ensure  the  experiments  and  sensors  meet  Shuttle  operations  and  safety 
standards. 


Integration  and  Shuttle  Flight 

AFGL  will  bring  together  the  engineering  experiments  and  environment  sensors 
obtained  from  the  various  organizations  responsible  for  their  development  and 
deliver  them  to  the  Space  Test  Program  for  integration.  STP  wiil  then  become 
responsible  for  IMPS.  Shuttle  flight  arrangements  and  scheduling  will  also  be 
handled  by  STP. 


Data  Analysis 

During  the  Shuttle  flight  of  IMPS,  there  will  be  a need  for  real-time 
monitoring  of  some  of  the  instruments.  Although  IMPS  operation  will  be  made 
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essentially  automatic,  easeful  monitoring  wll-1  be  required  when  an  "active’* 
part  of  an  e-Xperiment  (a  plasma  source,  for  example)  is  turned  on.  - It  is  also 
Important  that  during  a significant  event  (an  encounter  With-  an  auroral  arc,, 
for  example)  the  datacollectioa  rate  be  increased,  so  as  to  permit  later  high- 
t ime-resolut ion  analysis  of  impor£_ant  phenomena* 


After  the  flight  of  IMPS  aboard  Shuttle,  the  Space  Test  Program  will  provide 
AjfiL  with  data  for  the  various  engineering  experiments  and  environmental  sensors. 
Additionally,  STP  will  provide  orientation  and  geographic  position  of  the  Shuttle, 
position  and  orientation  of  any  packages  moved  out  of  the  bay,  information  on 
thruster  firings,  “housekeeping"  data,  etc.  Under  a data  utilization  plan 
developed  before  the  Shuttle  flight,  AFGL  will  distribute  the  data  for  analysis. 
The  data  will  go  not  only  to  those  responsible  for  the  individual  experiments 
but  also  to  organizations  selected  to  do  comprehensive  analyses  on  various 
interaction  phenomena.  Particular  attention  will  be  paid  to  correlating  changes 
in  the  physical  properties  of  the  environment  with  enhanced  interactions  noted 
on  particular  materials  or  equipment. 

Within  the  first  year  following  a successful  IMPS  Shuttle  flight,  AFGL  will 
conduct  a series  of  data  workshops  at  which  the  IMPS  data  would  be  made  avail- 
able so  that  experimenters  can  compare  their  results.  Workshops  would  be  con- 
fined to  key  topics  such  as  contamination  & materials  degradation,  or  charging 
& arc-discharges,  or  EMI  generation,  etc*  By  keying  on  a particular  topic,  it 
should  be  possible  to  generate  an  authoritative  report  on  that  subject  as  the 
output  of  the  workshop.  These  reports  can  then  be  directed  toward  improving 
relevant  MIL-STD  design  guidelines  and-test  standards  by  providing  the  proper 
environmental  interaction  input. 


CONCLUSIONS 

The  successful  operation  of  the  Interactions  Measurement  Payload  on  a late- 
1980s  Shuttle  flight  will  lead  to  detailed  knowledge  of  the  effects  of  the  polar- 
auroral  environment  on  materials,  equipment  and  technologies  of  future  space 
systems.  The  output  from  IMPS  will  provide  direct  input  to  the  development  of 
MI.L-STD  design  guidelines  and  test  standards  for  planned  military  space  systems. 
The  data  collected  by  IMPS  can  be  used  to  validate  computer-aided  design  (CAD) 
tools  that  properly  account  for  space-environment  effects.  The  utilization  of 
the  information  gathered  from  the  IMPS  measurements  will  prevent  operational 
failures  due  to  unanticipated  environmental  effects  and  minimize  costly  down- 
stream redesign  of  expensive  space  systems.  Risks  to  spacecraft  and  crews 
will  be  greatly  decreased  by  the  elimination  of  uncertainties  about  the  disrup- 
tive effects  of  the  polar-auroral  environment. 
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Figure  1.  - Space-fed  phased  array-SBR  antenna 
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Figure  2.  - Extravehicular  activity  in  space. 


Figure  3.  - Interactions  measurement  payload  for  Shuttle  (IMPS). 
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Marshall  Space  Flight  Center 
Huntsville,  Alabama 

Carolyn  K.  Purvis 

National  Aeronautics  and  Space  Administration 
Lewis  Research  Center 
Cleveland,  Ohio  44135 


Future*  spacecraft,  notably  the  proposed  Space  Station,  will 
require  power  systems  much  larger  than  have  previously  been 
flown.  Efficiency,  cost,  mass  and  array  size  considerations 
demand  the  solar  array  operate  at  a higher  voltage  than 
previous  spacecraft.  It  is  recognised  that  at  higher  voltages, 
and  at  the  relatively  high  plasma  density  present  at  low  earth 
orbital  altitudes,  undesirable  interactions  between  the  high 
voltage  solar  array  and  the  space  plasma  will  occur.  These  can 
lead  to  parasitic  power  loss  and/or  arcing.  Such  interactions 
are  complex  and  cannot  be  understood,  properly  simulated  or 
evaluated  by  ground  testing  and  modeling  alone.  Space 
experiments  on  high  voltage  solar  array  space  plasma 
interactions  in  low  earth  orbit  are  an  absolute  requirement  for 
confident  design  of  a higher  voltage  solar  arra^  Experiments 
are  presently  being  identified  to  provide  the  necessary  space 
data  for  calibration  of  ground  testing,  validation  of 
analytical  models,  and  development  of  design  guidelines 
required  for  confident  design  of  high  voltage  solar  arrays  in 
space.  This  paper  summarizes  one  proposed  flight  experiment 
program  which  is  designed  to  obtain  the  required  data. 


INTRODUCTION 


Interactions  between  a spacecraft  and  its  orbital  particle  and 
field  environment  can  have  significant  impact  on  the  spacecraft 
systems'  operation  and  life.  Radiation  damage  and  aerodynamic 
drag,  for  example,  must  be  considered  in  designing  any  sphee 
system.  There  are,  however,  a number  of  orbital  environmental 
interactions  which  become  important  design  considerations  only 
for  large  and/or  high  power  systems.  Their  impact  must  be 
assessed  to  ensure  successful  design.  In  particular, 
interactions  between  higher  voltage  solar  arrays  and  the  space 
plasma  are  of  critical  concern  in  designing  large  orbital  power 
systems  such  as  are  required  for  a space  station. 


i’KKCEDfNCi  PAY3B  BEANK  NOT  FTftMED 
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Moat  U,  S spacecraft  to  date  have  used  low  voltage  solar 
arrays,  generating  power  near  30  volts.  The  highest  voltage 
array  flown  by  NASA  to  date  was  on  Skylafc,  which  had  a- solar 
array  with  a normal  operating  voltage  of  70  volts  and  generated 
16  kW  of  power.  Future  large  systems  will  require  increasing 
power  generation  capability.  For  example,  a solar  array 
providing  35-50  kW  of  power  for  a low  inclination,  low  altitude 
(500  km)  space  system  will  need  to  generate  about  100  kW  of 
power  when  in  sunlight.  As  power  levels  increase,  the  mass,  I^r 
power  loss  and  power  distribution  system  complexity 
penalties  for  maintaining  low  solar  array  voltages  become 
prohibitive,  making  higher  voltage  array  designs  mandatory 
(Ref.  l).  It  is  tnus  necessary  to  thoroughly  understand  high 
voltage  solar  array  operation  in  the  space  plasma  environment. 
Unfortunately,  no  adequate  simulation  or  model  calibration  can 
be  achieved  with  ground  based  experiments  alone. 

Solar  array  systems  consist  of  strings  of  solar  cells  with 
metallic  interconnects  between  them.  These  interconnects  are 
at  voltages  depending  upon  their  positions  in  the  array  circuit 
and  are  usually  exposed  to  the  space  environment.  When  such 
systems  are  placed  in  orbit,  they  will  interact  with  the 
naturally  occurring  space  plasma.  Two  types  of  potentially 
hazardous  interactions  to  a higher  voltage  solar  array  in  orbit 
are  presently  recognized:  power  loss  from  parasitic  currents 

through  the  plasma;  and  arcing.  Both  of  these  interactions  are 
plasma  density  dependent  and  present  greater  hazards  at  higher 
densities.  The  low  temperature  ionospheric  plasma  has  a peak 
density  (of  10®  particles/cm^)  at  about  300  km  altitude.  High 
voltage  system- plasma  interactions  will  therefore  be  most 
severe  in  low  earth  orbits.  The  power  levels  envisioned  for 
such  spacecraft  as  the  proposed  Space  station  drive  the  design 
toward  higher  solar  array  operating  voltages.  When  the 
spacecraft  exits  eclipse,  this  voltage  will  be  even  higher 
until  the  array  warms  up.  Successful  design  of  higher  voltage 
arrays  relies  on  understanding  the  limits  imposed  by  plasma 
interactions . 

NASA's  Office  of  Aeronautics  and  Space  Technology  (OAST)  is 
pursuing  the  needed  technology  development  in  photovoltaics , 
energy  storage,  and  power  management  and  distribution  to 
enhance,  enable,  and  ensure  the  environmental  compatibility  of 
high  power  systems.  Technology  programs  are  underway  to 
develop  and  demonstrate  advanced  planar  and  concentrator  solar 
cells  and  array  designs.  A Joint  NASA/U.S.  Air  Force 
Spacecraft  Environmental  Interactions  Technology  investigation  is 
also  underway  to  evaluate  the  impact  of  the  plasma  and  field 
environments  on  system  performance  (Ref.  2).  These  programs 
are  basically  ground  technology  efforts  involving  ground 
experiments  and  model  development.  A complementary  program  of 
space  flight  experiments  is  required  for  several  reasons. 

First,  the  ground  ^est  environment  is  necessarily  an  incomplete 


620 


simulation  of  space  conditions.  The?  interactions  ard  dependent 
on  the  plasma  and  neutral  background  parameters  around  the 
30lar  array.  A space  environment  is  therefore  required. 

Because  some  of  the  interaction  phenomena  may  extend  many 
meters,  there  are  concerns  regarding  the  effect  the  chamber 
walls  may  introduce  in  ground  testing.  Also,  most  testing  has 
involved  applying  a voltage  bias  on  solar  array  segments  and 
evaluating  the  interaction  of  such  segments  With  the  plasma. 
From  these  experiments,  estimates  of  interactions  impact  on 
solar  array  performance  have  been  made.  However,  the  system 
level  interactions  can  be  very  complex.  Therefore,  it  is 
necessary  to  obtain  a direct  measure  of  the  performance  of  a 
large  solar  array  generating  its  own  voltage  and  operating  in 
the  space  environment,  including  the  effects  of  parameters  such 
as  ram/wake  which  cannot  be  simulated.  Also,  it  is  clear  from 
STS- 3 data  that  the  presence  of  a large  body  in  orbit  perturbs 
the  ambient  environment  in  ways  which  are  as  yet  not  fully 
understood,  but  which  may  have  significant  impact  on  system- 
environment  interactions.  Finally,  flight  data  is  absolutely 
critical  to  provide  "space  truth"  information  for  use  in 
calibrating  ground  simulations,  demonstrating  operating  impacts 
and  validating  system  level  models  which  must  be  used  to 
predict  interactions  impacts  for  proposed  designs.  This  paper 
summarizes  the  interaction  concerns  for  higher  voltage  arrays 
in  orbit,  the  ongoing  technology  investigations,  and  describes 
a proposed  series  of  Shuttle  experiments  designed  to  obtain  the 
required  flight  data. 


E H V I R 0 N MENTAL  INTERACTIONS 
BACKGROUND 


The  attention  of  the  environmental  interactions  community  was 
for  several  years  focused  on  the  investigation  of  spacecraft 
charging,  an  interaction  which  had  been  found  to  be  hazardous 
for  geosynchronous  spacecraft  and  was  intensively  studied  by 
NASA  and  the  Air  Force  (Ref.  '})  . In  the  late  1970's,  interest 
in  high  voltage  interactions  again  intensified,  and  their  study 
was  resumed  under  the  auspices  of  the  joint  NASA/USAF  Spacecraft 
Environmental  Interactions  Technology  investigation  (ref.  2). 

The  ground- technology  program  uses  the  experimental  facilities 
at  NASA  and  USAF  centers,  builds  upon  the  modeling  capabilities 
developed  during  the  spacecraft  charging  investigation,  and 
uses  the  earlier  high-voltage  study  results  (refs,  k to  ll). 
Among  the  goals  of  the  technology  program  is  the  development 
of  design  guidelines  and  analytical  tools  for  higher  voltage 
solar  arrays  for  Earth  orbital  applications. 

This  requires  flight  data  to  ensure  that  the  phenomena  observed 
in  ground  testing  occur  in  orbit,  to  examine  conditions  not 
obtainable  in  ground  facilities  and  to  validate  the  models.  To 
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date,  two  small  scale  Plasma  Interactions  Experiments  (PIX-I 
and  PIX-II)  have  been  designed,  built  and  flown.  Both  were 
piggy-h-acks  on  second  stage  Delta  vehicles  and  in  approximately 
900  km  circular  polar  orbits.  PIX-I,  w-hich  flew  in  March  1978, 
and  returned  two  hours  of  data,  demonstrated-  that  the  current 
collection  enhancement  and  arcing  phenomena  observed  in  ground 
testing  Of  planar  array  segments  also  occur  in  orbit  (Ref.  4). 
The  16  hou-rs  of  planar  array  data  returned  by  PIX-Il,  which 
flew  in  January  1983*  are  still  under  analysis.  Preliminary 
results  indicate  that  the  minimum  arcing  onset  voltage 
decreases  with  increasing  plasma  density  and  that  tank  wall 
effects  influence  current  collection  behavior  at  high  positive 
voltages  in  ground  tests. 

No  data  is  available  on  ram/wake  effects,  influence  of  the 
presence  in  orbit  of  a large  system,  or  the  effect  of 
interactions  on  the  operational  characteristics  of  a large 
higher  voltage  array.-  Understanding  these  effects  is  critical 
to  developing  useful  design  guidelines  for  such  solar  arrays. 


Solar  Array  Voltage  Positive  Relative  to  Plasma 


Figure  1 represents  experimental  data  for  a solar  array  section 
biased  positive  with  respect  to  the  plasma  in  which  it  is 
immersed  (Ref.  11).  The  left  half  of  the  figure  illustrates 
that  at  voltages  greater  than  100-150  volts,  the  electron 
current  collected  by  the  solar  array  increases  dramatically. 

The  right  half  of  the  figure  illustrates  why.  Even  though  the 
solar  array  surface  is  dielectric,  the  surfaces  become  highly 
positive  and  collect  current  as  though  the  whole  surface  were  a 
conductor.  The  explanation  appears  to  be  that  as  the  plasma 
sheath  grows  around  exposed  interconnects  or  pinholes,  the 
accelerated  electrons  strike  the  dielectric  and  low  energy 
secondary  electrons  are  released  which  are  collected  by  the 
exposed  metal.  This  leaves  the  dielectric  cover  glass 
positive,  allowing  the  plasma  sheath  to  grow  over  the  solar 
cells.  Therefore,  the  solar  array  collects  electron  current  as 
though  it  were  a conductor.  As  the  voltage  on  the  array 
Segment  and  the  effective  collection  area  increases,  the 
current  collected  rises,  as  indicated  in  figure  1 . This 
current  flow  through  the  plasma  is  current  which  is  r. o t 
available  to  the  spacecraft  and  therefore  represents  a power 
loss  to  this  plasma  3hunt.  Depending  on  the  solar  array 
voltage  the  power  loss  can  be  substantial  and  can  seriously 
impact  array  performance. 

No  direct  measure  of  the  power  loss  exists  because  essentially 
all  data  consists  of  current  collected  by  solar  array  segments 
with  a potential  impressed  on  them  by  a power  supply.  The 
power  loss,  which  will  be  experienced  in  a solar  array  due  to 


the  collection  of  cu-rrent  from  the  plasma,  has  often  been 
estimated  by  multiplying  the  collected  solar  array  segment 
current  by  the  voltage  between  the  solar  array  segment  and  the 
plasma  and  summin-g  over  the  segments.  Such  an  estimation  does 
not  consider  the  current  flow  in  the  solar  array-  A solar 
array  which  is  not  in  a plasma  environment  will  have  only  the 
load  current,  I,  flowing  in  it.  The  current  is  the  same 
throughout  the  array  and  it  can  be  operated  at  the  maximum 
power  point.  However,  a high  voltage  solar  array  immersed  in  a 
plasma  will  collect  plasma  current  which  will  flow  through  the 
array  in  addition  to  the  load  current.  The  plasma  current 
collected  at  a location  on  the  array  is  a function  of  the 
potential  between  that  location  on  the  array  and  space.  The 
current  flowing  through  a specific  point  in  the  array  is  the 
load  current  and  the  sum  of  electron  currents  collected  at 
points  in  the  array  at  higher  positive  voltages.  Therefore, 
nonuniform  currents  will  flow  within  the  array.  To  operate  at 
the  solar  array  maximum  power  point,  each  individual  cell  will 
operate  off  its  individual  maximum  power  point. 

In  ground  tests,  a voltage  is  impressed  on  test  samples  and  the 
current  collected  from  the  plasma  is  measured.  Because  the 
voltage  is  applied,  there  is  no  differential  voltage  between 
the  solar  cells..  However,  for  a solar  array  which  is 
generating  its  own  voltage  by  having  solar  cells  placed  in 
series,  there  will  be  voltage  gradients  on  the  surface  of  the 
cells  due  to  difference  in  voltage  between  cells.  The 
gradients  may  be  quite  high  if  the  cells  are  strung  such  that 
solar  cells  at  considerably  different  voltages  lie  next  to  each 
other.  The  electric  field  structure  in  the  plasma  sheath  may 
be  complex  due  to  solar  cell  layout.  Because  such  voltage 
gradients  exist,  there  is  the  possibility  of  currents  between 
cells  due  to  field  emissions  and/or  secondary  electron  emission 
and/or  some  other  surface  current  mechanism  not  identified. — 
These  more  localized  currents  may  produce  an  additional 
shunting  of  portions  of  the  solar  array. 

A discharge  phenomena  around  the  solar  array  has  also  been 
observed  in  some  ground  tests  (Ref.  13).  In  these  oases  a 
bright  glow  appeared  around  the  solar  array  and  the  electron 
currents  collected  by  the  solar  array  from  the  plasma  increased 
by  orders  of  magnitude.  Such  an  increase  in  collected  current 
will  substantially  affect  the  power  loss  in  the  solar  array. 

Because  of  the  complex  nature  of  high  voltage  solar  array/ 
plasma  interactions,  it  is  necessary  to  experimentally 
determine  the  power  curve  of  a sola-r  array  operating  in— a 
p l.a.am a.  ~e n v-i-r onmen-t. 
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Solar  Array  Voltage  Negative  Relative  to  Plasma 


Figure  1 illu-Strates  the  observed  effects  of  a solar  array 
segment  biased  positLve  of  the  su-rroundi  Ag  plasma.  Different 
effects  ar-e  observed-  for  a solar  a-rray  segment  biased  to  a 
negative -voltage  relative  to  the  plasma.  Unlike  the  positive 
voLtage  case,  the  solar  cell  cover  glass  voltage  does  not  rise 
to  the  interconnect  voltage  as  the  solar  cell  voltage  becomes 
more  negative.  A steep  voltage  gradient  exists  betw-een  the 
interconnect  and  other  exposed  metal  parts  of  the  solar  cells 
and  the  solar  cell  surface.  For  impressed  voltages  of  several 
hundred  volts,  arcing  on  the  array  is  observed.  Pictures  of 
such  arcing  events  are  shown  in  figure  2 (Ref.  10).  The  arcing 
occurs  at  lower  negative  voltages  for  higher  plasma  densities. 
Arcing  has  been  observed  at  voltages  of  -250  volts  on  a solar 
array  segment  in  a plasma  with  a density  of  10^  elec t rons/cm^ 
(Ref.  13).  Ambient  plasma  densities  of  up  to  10^  electrons/cm^ 
may  be  encountered  in  space.  Such  solar  array  arcing  will 
introduce  large  current  and  voltage  transients  which  may  tend 
to  collapse  the  array  voltage.  However,  the  effects  of  such 
arcing  on  the  solar  array  performance  is  presently  uncertain. 


Solar  Array-Spacecraft-Space  Plasma  Potentials 


A spacecraft  in  orbit  and  immersed  in  the  space  plasma  will 
come  to  a potential  relative  to  the  plasma  such  that  no  net 
current  is  collected-  The  solar  array  provides  an  additional 
complication  since  ambient  charge  particles  can  be  collected. 
There  are  two  solar  array  voltages  to  consider.  One  is  the 
operating  voltage  generated  by  the  solar  cells  in  series.  The 
other  is  the  potential  of  the  solar  array  relative  to  the 
surrounding  space  plasma.  Some  point  on  the  array  will  be  at 
space  potential  and  the  portions  of  the  solar  array  positive  of 
this  point  will  collect  electrons  from  the  plasma  while  the 
negative  part  collects  ions.  Because  of  their  higher 
temperature  and  mobility,  electrons  are  much  more  easily 
collected  than  ions.  Therefore,  to  collect  equal  electron  and 
ion  current,  a much  larger  area  at  a negative  potential 
relative  to  ths  plasma  is  required.  For  a spacecraft  grounded 
to  the  negative  side  of  the  solar  array,  the  situation  on  the 
right  side  of  figure  3 will  result.  The  spacecraft  and 
negative  side  of  the  array  will  be  driven  below  space 
potential.  For  an  array  of  several  hundred  volts,  solar  array 
arcing  may  result,  and  since  the  spacecraft  structure  will  be 
several  hundred  volts  negative,  it  will  experience  a continuous 
ion  bombardment  for  the  spacecraft  lifetime  which  may  alter 
surface  thermo-optical  properties.  Another  spacecraft  without 
such  a solar  array  or  an  untethered  astronaut  will  be  near 
space  potential.  The  resultin-g  potential  difference  between 
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auch  a free  flyer  and  the  highly  negative  spacecraft  can  pose 
, serious  safety  concerns.  the  highly  negative  spacecraft 
potential  will  also  interfere  with  some  science,  e,g,f  particle 
and  plasma  data  acquisition.  - 

If  an  electron  gun  or  plasma  source  is  operated  on  the 
spacecraft,  electrons  collected  by  the  positive  portion  of  the 
sola-r  array  will  be  released  back  to  space.  Large  negative 
potentials  will  not  result,  and  if  electrons  are  freely 
released  situation  on  the  left  in  figure  3 will  result. 


Plasma  Perturbation 


Many  sounding  rocket  experiments  have  been  flown  which 
investigated  the  magnetosphere  by  releasing  electron  beams 
along  the  earth's  magnetic  field  lines  (Ref.  14).  It  was 
anticipated  that  the  rocket  body  would  charge  hundreds  to 
thousands  of  volts  positive  due  to  the  release  of  a high  energy 
electron  beam.  This  was  not  observed  to  be  the  case.  The 
rocket  potentials  increased  to  only  30  to  100  volts  positive. 
Plasma  diagnostic  devices  indicate  that  tbe  plasma  density  and 
temperature  increased  when  the  electron  beam  was  released,  and 
that  a local  discharge  is  created  around  the  rocket  either*  by 
electron  bombardment  ionization  or  a beam-plasma  discharge 
(Ref.  14).  The  plasma  is  also  observed  to  be  perturbed  at 
large  distances  from  the  rocket.  An  analogous  situation  can  be 
expected  wi_th  a spacecraft  powered  by  a hig-h  voltage  solar 
array-  An  electron  gun  Or  plasma  source  operation  will  raise 
the  spacecraft  potential  to  near  space  potential  and  will 
therefore  drive  the  high  voltage  solar  array  very  positive  of 
the  apace  plasma  potential.  As  previously  described,  discharge 
phenomena  for  positive  solar  arrays  in  a plasma  has  been 
observed  in  ground  tests  (Ref.  13).  The  local  discharge  and 
plasma  perturbations  observed  during  rocket  experiments  can 
increase  power  loss  due  to  parasitic  currents  and  interfere 
with  science  data  acquisition. 


PROPOSED  FLIGHT  EXPERIMENTS : VOLTAGE  OPERATING  LIMIT  TESTS 


Recently,  OAST  proposed  a new  flight  initiative,  Voltage 
Operating  Limit  Tests-  (VOLT).  The  VOLT  project  is  a 
comprehensive  program  composed  of  a series  of  four  Shuttle 
based  flight  experiments  which  will  provide  the  data  base 
required  to  design  successful  higher  voltage  solar  arrays  for 
low  earth  orbit  (LEO)  power  systems.  Two  of  the  experiments, 
VOLT-1  and  VOLT-3  will  utilize  biased  solar  array  segments  of 
planar  and  concentrator  designs,  respectively,  to  scope  the 
nature  of  the  basic  interactions  in  LEO,  determine  r-am/wake 
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effects  and  identify  influences  of  the  large  STS  vehicle  on 
interactions.  Results  will  be  used  in  designing  the  other  two, 
more  comprehensive,  experiments.  VOLT-2  and  VQLT-4  will  test 
large  area  arrays  of  the  planar  and  concentrator  designs, 
respectively,  to  evaluate  the  impacts  of  interactions  on  array 
operation  directly.  VOLT-3  and  VOLT-4  are  similar  i.n  the 
plasma  interactions  portion  of  these  experiments  to  VOLT-1  and 
VOLT -2  except  that  VOLT-3  and  VOLT-4  both  use  concentrator 
Solar  arrays.  Therefore,  to  prevent  repetition,  only  a 
detailed  discussion  of  the  VOLT-1  and  VOLT-2  plasma  interaction 
experiments  will  be  presented. 

The  VOLT-1  experiment,  shown  mounted  in  the  Shuttle  bay  in 
figure  4,  utilizes  the  backup  hardware  from  the  PIX-II 
experiment,  with  minor  modifications  for  Shuttle  flight 
compatibility.  The  objective  of  the  VOLT-1  experiment  is  to 
evaluate  plasma  to  solar  array  currents  and  arc  thresholds  for 
planar  solar  array  segments  in  the  LEO  environment.  Such  data 
is  like  that  collected  in  ground  tests  and  will  allow 
validation  of  basic  interaction  model  predictions  for  the 
Shuttle  LEO  environment.  Data  will  also  be  acquired  in  both 
ram  and  wake  conditions.  Eecause  the  experiment  is  hard 
mounted  in  the  bay,  the  Shuttle  attitude  will  provide  ram  and 
wake  conditions  for  the  experiment.  The  data  acquired  by 
VOLT-1  will  allow  better  prediction  of  the  interactions  which 
will  be  expected  on  VOLT-2. 

The  VOLT-1  experiment  is  comprised  of  an  electronics  enclosure 
and  an  experiment  plate,  upon  which  is  attached  a 2000  cm  solar 
array  segment.  The  electronics  enclosure  houses  the 
electrometers,  power  supply,  sun  and  temperature  sensor 
electronics,  a Langmuir  probe  and  associated  electronics, 
experiment  sequence  controller  and  tape  recorder.  VOLT-1  is 
envisioned  as  being  nearly  completely  self-contained  and 
automatic,  requiring  only  an  electrical  ground  reference  and 
experiment  initiate  signals.  During  operation  positive  and 
negative  voltage  biases  will  be  impressed  on  the  array  in  steps 
until  potentials  of  +^1000  volts  relative  to  ground  are  reached. 
Arcing  onset  and  parasitic  currents  will  be  measured  for  both 
positive  and  negative  biases. 

A reflight  of  the  Solar  Array  Plight  Experiment  (SAFE),  with 
necessary  modifications,  has  been  proposed  as  a high  voltage 
solar  array/space  plasma  interactions  experiment  (Ref.  15). 

The  basic  SAFE  experiment  is  a space  test  of  a 12.5  kW  size, 
lightweight  solar  array.  It  is  primarily  a demonstration  of 
the  solar  array's  ability  to  deploy  and  retract  successfully 
and  to  obtain  data  on  the  dynamic  response  of  such  a large 
structure  in  space.  A very  small  portion  of  the  solar  array 
consists  of  active  solar  cells  with  the  majority  of  the  area 
covered  by  thin  aluminum  squares  to  simulate  the  solar  cell 
mass.  The  wing,  shown  in  figure  5 in  its  fully  deployed  state. 
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measures  4m  by  32m.  Also,  a conceptual  view  of  the  experiment 
deployed  from  the  Shuttle  bay  is  shown  in  figure  6. 

The  VOLT-2  plasma  intera-ctions  experiment  utilises  the  SAFE 
hardware  with  three  primary  modifications.  These  are:  (l) 

that  three  solar  cell  panels,  each  consisting  of  two  modules, 
will  replace  three  of  the  present  SAFE  panels  and  will 
s e 1 f-gene ra te  solar  array  operating  voltages  of  from  near  90  to 
in  excess  of  500  volts,  (2)  that  electron  release  devices  will 
be  added  to  control  the  solar  array  potential  to  space  and,  (3) 
plasma  diagnostic  instruments  will  be  added  to  determine  the 
ambient  and  perturbed  plasma  conditions  around  the  solar  array. 

The  VOLT-2  experiment  with  retracted  solar-  array,  is  shown  in 
figure  7.  This  experiment  will  allow  a direct  measure  of  the 
solar  array's  performance  by  obtaining  I-V  curves  as  functions 
of  solar  array  voltage,  solar  array-to-space  potential,  type  of 
charge  release  device  maintaining  this  potential  and  ram/wake 
orientation.  It  will  also  determine  floating  potentials  for 
true  distributed  voltage  solar  array,  arcing  onset  voltages  and 
impact  of  arcing  on  the  solar  array.  Such  data  from  a 
functioning  solar  array  will  allow  validation  of  system  level 
model  predictions  of  solar  array  performance. 

The  three  active  panels  near  the  end  of  the  solar  array  wing 
will  provide  about  14,500  cm^  of  solar  array.  Each  panel  will 
be  composed  of  two  modules.  The  modules  will  be  placed  in 
various  parallel  and  series  configurations  to  allow-  testing  at 
solar  array  Voltages  from  near  90  volts  to  in  excess  of  500 
volts.  Figure  8 indicates  the  change  in  module  and  maximum 
array  voltage  as  a function  of  orbital  position.  When  the 
solar  array  is  floating  in  the  plasma,  such  that  it  is 
collecting  equal  electron  and  ion  current,  80-90$  of  it  will 
have  to  float  negative.  Tests  will  be  conducted  by  switching 
the  floating  solar  array  from  lower  to  higher  operating 
voltages  and  arcing  phenomena,  floating  potential  and  solar 
array  performance  measurements  will  be  obtained. 

The  high  current  hollow  cathode  and  plasma  source  will  be 
operated  for  tests  of  the  solar  array  positive  relative  to 
space  potential.  These  sources,  with  possibly  the  addition  of 
an  electron  gun  generating  an  energetic  electron  beam,  will, 
independently,  freely  emit  the  solar  array  collected  electrons 
back  to  space  and  will  control  to  solar  array  to  space 
potential.  The  majority  of  the  solar  array  will  be  positive  of 
the  space  potential  allowing  power  loss  evaluation  as  well  as 
investigation  of  local  discharge  phenomena  expected  in  the 
solar  array  vicinity.  The  array  potential  will  be  controlled 
by  the  spacecraft  automatic  active  discharge  system  (SAADS)  of 
which  the  charge  release  devices  are  an  integral  part.  Because 
of  their  interest  in  the  results  of  this  experiment,  the  Air 
Force  Geophysics  Laboratory  has  offered  + o furnish  this 


equipment  to  the  VOLT-2  experiment.  Some  plasma  diagnostics 
associated  with  SAADS  will  be  located  on  the  Mission  Peculiar 
Experiment  Support  Structure  (MPESS). 

A minimum  complement  of  three  diagnostic  instrumen-ts  will  be 
mounted  ori  the  end  of  the  solar  array.  The-se  are  presently 
identified  as  a neutral  density,  instrument,  a Langmuir  probe 
and  a Differential  IorL  Flux  Prdbe  (Ref.  16).  These  instruments 
will  allow  determination  of  the  ambient  conditions  in  which the 
plas-ma  interaction  experiment  is  conducted  as  well  as 
evaluation  of  perturbations  to  the  plasma  due  to  the  high 
voltage  solar  array  operation. 

Figure  9 illustrates  the  anticipated  orbital  configuration  of 
the  VOLT-2  experiment-  The  figure  Indicates  that  the  solar 
array  and  Shuttle  tail  will  be  pointed  toward  the  sun.  This 
configuration  is  more  advantageous  for  experiments  involving 
electron  release  by  electron  gun.  The  beam  Can  be  projected 
along  the  magnetic  field  line  and  not  strike  the  solar  array. 
The  generated  plasmas  will  also  tend  to  diffuse  along  magnetic 
field  lines  and  away  from  the  solar  array. 

The  orbital  velocities  of  spacecraft  for  LEO  are  much  greater 
than  the  thermal  ion  velocity  but  much  less  than  the  thermal 
electron  velocity.  The  result  is  that  as  a spacecraft  moves 
through  the  plasma  it  sweeps  out  the  ions,  leaving  much 
decreased  plasma  density  in  its  wake,  whi-ch  is  occupied  by  an 
excess  of  electrons,  relative  to  the  ion  population.  As 
observed  in  figure  10,  there  will  be  positions  in  the  orbit 
where  the  wake  is  on  the  solar  cell  side  or  the  backside  of  the 
solar  array  and  where  no  wake  exists  (when  the  spacecraft 
velocity  vector  and  Sun  line  are  perpendicular).  Data 
acquisition  at  these  various  positions  will  allow  determination 
of  power  loss,  arcing  and  plasma  perturbation  over  the  range  of 
antix-ipated  orbital  plasma  conditions. 


CONCLUDING  REMARKS 


For  a number  of  years  NASA  and  the  USAF  have  planned  space 
missions  utilizing  solar  arrays  which  generate  orders  of 
magnitude  more  power  and  operate  at  a much  higher  voltage  than 
has  been  flown  previously.  During  this  same  time  ground 
technology  programs  have  addressed  the  interactions  between 
such  a high  voltage  solar  array  and  the  ambient  space  plasma. 
These  programs  have  given  us  a basic  understanding  of  what 
interactions  to  anticipate  and  under  what  conditions.  Ground 
test  information  has  been  augmented  by  flight  tests  which 
verified  that  the  effects  observed  on  the  ground  are  observed 
in  space.  However,  it  has  long  been  recognized  that  ground 
tests  are  limited  by  facility  size,  facility  effects  on  plasma 
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and  electric  field  conditions  and  the  capability  to  accurately 
simulate  space  plasma  conditions.  It  is  very  important  to  test 
actual  solar  array  performance  with  a large,  se lf-gene ra ted 
voltage  so  that  effects  of  large  array  area,  surface  voltage 
gradients  and  varying  currents  in  the  solar  array  ca-n  be 
evaluated.  It  i3  not  possible  to  do  this  adequately  in  a 
ground  test  chamber. 

The  space  test  program  described  in  this  paper  is  designed  to 
obtain  critical  information  on  solar  array-plasma  interactions 
and  their  impact  on  array  performance  for  planar  and 
concentrator  arrays.  Data  will  be  obtained  under  conditions 
and  at  array  sizes  not  obtainable  in  ground  testing.  These 
data  are  critical  for  validating  the  system  level  models  which 
must  be  used  to  evaluate  candidate  large  pow-er  system  designs 
and  for  developing  design  guidelines  for  higher  voltage  arrays. 
The  data  will  be  obtained  with  a matrix  of  variables  so  that 
the  maximum  information  on  solar  array  interactions  and 
performance  in  the  LEO  plasma  environment  will  be  collected. 
Experiments  will  b-e  conducted  with  various  applied  and 
self-generated  sol-  r array  voltages.  These  will  be  performed 
with  the  front  of  the  solar  array  in  plasma  ram  and  wake 
conditions  and  with  zero  plasma  drift  normal  to  the  solar  cell 
face. 

Without  the  crucial  information  this  flight  program  wild, 
provide,  designers  of  future  spacecraft  will  be  forced  to  be 
conservative  and  operate  solar  arrays  at  presently  accepted 
voltages.  This  will  seriously  impact  system  efficiency  and 
manageabi 1 i ty . 
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Figure  1.  - Solar  array  positive  relative  to  plasma. 


Figure  2.  - Arcing  on  negatively  biased  solar  cells. 
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Figure  7.  - VOLT-2. 


Figure  8.  - Panel  voltage  as  function  of  orbit. 
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Figure  9.  - Orbital  configuration. 
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Figure  10.  - Rani/wake  conditions. 
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PRELIMINARY  ASSESSMENT  OF  POWER -GENERA LING  TEYWERS  IN-  SPACE 
ANO  OF  PROPULSION  FOR  THEIR  ORBIT  MAINTENANCE- 


Robert  E.  English  And  Patrick  M.  Finnegan 
National  Aeronautics  and  Space  Administration 
Lewis  Research  Center 
Cleveland.  Ohio  441 35 


The  concept  of  generating  power  In  space  by  means  of  a conducting  tether 
deployed  from  a spacecraft  was  studied.  Using  hydrogen  and  oxygen  as  the 
rocket  propellant  to  overcome  the  drag  of  such  a power-generating  tether  would 
yield- more  benefit  than  If  used  In  a fuel  cell.  The  mass  consumption  would  be 
25  percent  less  than  the  reactant  consumption  of  fuel  cells.  Residual  hydrogen 
and  oxygen  In  the  external  tank  and  In  the  orblter  could  be  used  very  effec- 
tively for  this  purpose.  Many  other  materials  (such  as  waste  from  life 
support)  could  be  used  as  the  propellant.  Electric  propulsion  using  tether- 
generated power  can  compensate  for  the  drag  of  a power-generating  tether,  half 
the  power  going  to  the  useful  load  and  the  rest  for  electric  propulsion.  In 
addition,  the  spacecraft's  orbital  energy  Is  a large  energy  reservoir  that 
permits  load  leveling  and  a ratio  of  peak  to  average  power  equal  to  2.  Criti- 
cal technologies  to  be  explored  before  a power-generating  tether  can  be  used 
In  space  are  delineated. 


INTRODUCTION 

Tethered  spacecraft  are  a topic  of  considerable  and  growing  Interest 
(ref.  1).  Among  the  features  they  offer  Is  the  possibility  of  power  generation 
from  an  electrically  conducting  tether  trailed  through  the  Earth's  magnetic 
field.  Such  a tether  would  be  acted  On  by  forces  from  the  gravity  gradient, 
from  aerodynamic  drag,  and  from  electrodynamic  Interaction  with  the  Earth's 
magnetic  field;  the  tether  would  thus  trail  In  a generally  radial  direction, 
either  up  or  down,  rather  than  directly  behind  the  spacecraft  as  the  word 
"trail"  might  Indicate. 

This  paper  describes  a broad,  general  study  of  such  power-generating 
tethers  that  explored  their  potential  value  and  their  problems.  The  following 
topics  were  studied:  (1)  the  conditions  of  power- generation,  the  drag  Imposed 

on  the  spacecraft,  and  the  resulting  orbit  decay;  (2)  the  use  of  chemical  pro- 
pulsion to  compensate  for  this  drag;  and  (3)  the  use  of  some  Of  the  generated 
power  In  electric  propulsion  to  compensate  for  this  drag.  Finally,  questions 
of  feasibility  were  considered.  These  topics  define  a technology  program  to 
be  completed  before  any  application  of  such  power-generating  tethers  In  space. 


THE  POWER-GENERATING  PROCESS 

A Spacecraft  In  low  Earth  orbit  that  trails  an  electric  conductor  that 
Is,  say,  100  km  long  (fig.  1)  will  produce  an  electric  potential  In  that 
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conductor  as  a result  of  Its  motion  through  the  Earth's  magnetic  field.  The 
voltage  results  from  the  familiar  v x B,  For  an  orbital  velocity  of- 7600  m/s, 
the  potential  generated  by  such  a tether  might  be  15  to  20  kV.  For  an  electric 
current- to  flow,  electrons  must  be  discharged  at  one  end  of  the  tether. 

Figure  1 shows,  an.  electron  gun  for  this  purpose,  electrons,  being  very  mobile, 
are  expected-to  provide  the  major  flow-of- current, 

F-or.  collection  of  the  electrons  at  the  tether's  opposite  end,  an  electron 
collector  of  large  surface  area  Is  required.  Although  figure  1 shows  a sphere 
for  the  collector,  almost  any  surface  would  be  suitable.  Reference  2,  for 
example,  suggests  a plane  surface  aligned  with  the  spacecraft's  orbit  path  as 
a way  to  decrease  the  aerodynamic  drag  from  this  large  area. 

Current  through  the  conducting  tether  will  Impose  a drag  on  the  spacecraft 
from  the  familiar  J.  x B Interaction,  Aerodynamic  drag  on  the  tether  will  also 
extract  energy  from  the  spacecraft.  Rocket  propulsion  could  compensate  for 
these  drags  andpermlt  the  spacecraft  to  maintain  a stable  fllghtpath. 

The  useful  power  output  would,  of  course,  be  the  product  of  the  current, 
flow  and  the  generated  voltage.  Inasmuch  as  generated  voltages  of  tens  of 
kilovolts  are  somewhat  of  a problem  in  their  own  right,  the  lower  voltages 
produced  by  shorter  tethers  might  at  first  appear  attractive.  For  a given 
power  output,  however,  the  voltage  reduction  must  be  compensated  for  by  an 
Increase  In  current  flow.  At  the  higher  current  a larger  surface  Is  required 
for  collecting  the  electrons. 

Plasma  interactions  will  also  Impede  electron  flow.  In  a perfect  vacuum, 
the  geomagnetic  field  would  force  the  electrons  to  move  along,  paths  that  are 
roughly  helical,  that  surround  given  lines,  of  the  magnetic  field,  and  that 
would  thereby  generally  prevent  the  emitted  electrons  from  reaching  the 
electron-collecting  surface.  In  an  actual  plasma,  collisions  of  the  electrons 
with  ions  and  neutral  particles  as  well  as  with  other  electrons  will  randomize 
the  electron  motions  and  permit  their  gradual  diffusion  toward  the  electron- 
collecting surface.  Both  the  plasma  Impedance  from  these  collisions  and  the 
space  charge  near  the  electron -collecting  surface  will  restrict  the  flow  of 
electrons.  The  regions  of  space  having  the  highest  plasma  density  may  permit 
high  currents  of  electrons,  but  these  high  densities  may  also  Impose  severe 
aerodynamic  drag.  Oata  to  permit  optimization  of  altitude,  these  conflicting 
requirements  being  considered,  are  not  available.  Thus  the  conservative 
approach  at  this  time  requires  the  assumption  of  low  current  flow  and,  concom- 
itantly, acceptance  of  the  difficulties  associated  with  the  high  voltages. 

This  will.  In  turn,  require  a tether  of  length  sufficient  to  generate  the  volt- 
age required.  For  that  reason,  the  generated  voltage  In  figure  2 was  taken  as 
17.5  kV.  The  tabulated  Inputs,  outputs,  and  losses  resulted  In  a projected 
generator  efficiency  of  0.73  for  the  conducting  tether,  with  a useful  power 
output  of  70  kW. 

The  total  drag  (aerodynamic  and  electromagnetic)  Imposed  by  the  tether 
power  generator  Is  about  13  N In  this  example,  with  a corresponding  energy 
decay  from  the  tether  of  96  kW.  In  the  absence  of  propulsion  to  overcome  this 
drag,  the  orbit  altitude  would  decrease  about  20  km  each  day  If  the  96  kW  were 
extracted  from  the  orbital  energy  of  a 100-ton  space  station.  Although  such 


energy  extraction  would  markedly  shorten  the  life  of  a space  station  If  con- 
tinued for  a long,  time,  this  power  could  be  extracted  for  perhaps  a week  in  an 
emergency.  Spacecraft  propulsion  could,  of  course,  compensate  for  this  drag, 
and  thereby  sustalh-orblt  altitude-  Both  chemical  and  electric  propulsion  are 
likely  candidates. 


CHEMICAL  PR0RULS1QN  FOR- ORBIT  MAINTENANCE — 

Fon  70  kW  of  useful  power  to  be  generated  by  a conducting  tether,  an 
average  thrust  of  about  13  N Is  required  to  overcome  tether  drag  (fig.  2).  In 
principle,  this  thrust  could  be  steady  or  In  brief  bursts  of  higher  thrust. 

For  a specific  Impulse  of  400  s (already  exceeded  by  hydrogen -oxygen  rockets), 
propellant  consumption  would  average  3 g/s,  or  280  kg/day.  Irv  turn,  propellant 
consumption  would  be  0.17  kg/kWh  of  electric  energy.  To  Some  In  the  space- 
power  field,  this  Is  a startlngly  low  value  of  reactant  consumption,  for  It  Is 
only  43  percent  of  the  reactant  flow  required  by  hydrogen-oxygen  fuel  cells. 

In  fact.  It  Is  also  only  58  percent  of  the  reactant  consumption  of  an  Ideal 
fuel  cell,  operating  reversibly.  How  Is  this  possible?  The  critical  factor 
Is  the  large  amount  of  kinetic  energy  possessed  by  the  reactants  by  virtue  of 
their  being  In  low  Earth  orbit,  about  29  MJ/kg.  In  contrast,  the  Gibbs  free 
energy  for  combining  hydrogen  and  oxygen  Into  water  Is  only  13  MJ/kg,  the 
theoretical.. -limit  on  fuel -cell  output  per  unit  mass  of  hydrogen  and  oxygen 
consumed- 

What  are  the  various  contributions  to  energy  generation  by  a chemically 
propelled  space  station  generating  electric  power  via  a conducting  tether?  A 
rocket  having  a specific.  Impulse  of  400  s can  supply  3923  N-s  of  impulse  to  the 
space  station  for  each  kilogram  of  propellant  expelled,  corresponding  to  an  ex- 
haust velocity  of  3923  m/s.  For  ah  orbital  velocity  of  7612  m/s,  the  rocket's 
energy  addition  to  the  Space  station  would  be  29.86  MJ/kg  of  propellant.  What 
are  the  constituents  of  this  energy  addition?  First,  the  kinetic  energy  with 
which  the  propellant  would  be  discharged  from  the  space  station  Is  7.69  MJ/kg. 
The  propellant-discharge  velocity  of  3923  m/s  relative  to  the  space  station 
would  reduce  propellant  velocity  In  Earth-centered  coordinates  from  7612  to 
3689  m/s;  In  turn.  Its  kinetic  energy  would  be  reduced  by  22.17  MJ/kg.  The  sum 
of  these  two  terms  equals  the  29.86  MJ/kg  added  to  the  space  station  In  the 
paragraph  above.  The  energy  account  thus  balances. 

On  theoretical  ground,  the  combination  of  rocket  propulsion  and  a conduct- 
ing tether  can  generate  2.3  times  the  electric  energy  that  a fuel  cell  can. 
Although  looses  with  the  tether  power  generator  will  decrease  this  advantage, 
the  gain  in  performance  may  still  be  substantial. 

An  Important  problem  for  a space  station  Is  to  effectively  use  the  resid- 
ual propellants  from  the  orblter  and  the  external  tank.  Readily  recoverable 
amounts  of  hydrogen  and  oxygen  might  average  1000  and  1400  kg,  respectively, 
for  each  flight  of  a fully  loaded  shuttle.  On  any  given  flight  however,  the 
recoverable  residuals  might  vary  substantially  from  these  values,  even  for  a 
fully  loaded  shuttle.  For  many  flights,  the  shuttle's  payload  will  be  limited 
by  volume  rather  than  by  a mass  constraint,  and  In  that  event,  the  amounts  of 
residual  propellants  would  be  substantially  greater.  For  example.  If  the  pay- 
load  mass  were  80  percent  of  the  rate  value,  the  propellant  residuals  might 
average  1800  and  5400  kg  of  hydrogen  and  oxygen,  respectively,  totaling  over 
7000  kg.  In  either  case,  the  proportion  of  hydrogen  and  oxygen  would  be  far 
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from  the  stoichiometric  proportion  of  1/8.  A rocket-sustained  power-generating 
tether  can  make  more  effective  use  of  such  nonstolchlometrlc  residuals  than  can 
fuel-cells  for  three  reasons: 


(1)  Inasmuch  as- the  reactant  consumption- of  fuel  cells  Is  200  to  250  per- 
cent of  that  of  the  power-generating  tether,  the  tether  can  produce  from- a 
given  stoichiometric  supply  of  reactants  2 to  2^5  times-as  much  beneficial 
product  (kilowatt-hours  of  electric  energy).. 


(2)  Because  the  fuel  cell  requires  a stoichiometric  proportion  of  hydrogen 
and  oxygen,  any  excess  of  either  would  be  wasted.  In  contrast  with  this,  a 
chemical  rocket- can  -readily  accept  Imbalances  In  the  proportions  of  hydrogen 
and  oxygen. 


(3)  Contaminating  gases  such  as  hetlum  In  the  propel lant-grade  hydrogen 
and  oxygen  will  accumulate  In  fuel  cells  unless  they  are  frequently  purged  to 
.vent  the  contaminants,  a factor  Increasing  the  reactant  consumption  above 
theoretical  values. 


Scavenging  7000  kg  of  hydrogen  and  oxygen  from  Just  a single  shuttle 
flight  Is  sufficient  to  provide  4.7  kW  of  power  from  a rocket-sustained  power- 
generating tether  for  an  entire  year.  The  potential  of  using  these  residual 
reactants  Is  thus  clear.  On  the  other  hand,  the  long-term  potential  of  the 
power- generating  tether  to  supply  power  to  a space  station  Is  very  sensitive 
to  the  level  of  power  required,  to  the  frequency  of  the  shuttle  flights  to  the 
station,,  and  to  the  mass  of  residual  hydrogen  and  oxygen  recoverable  from  the 
orblter  and  the  external  tank.  Consider,  for  example,  the  70-kW  power  source 
discussed  eariler.  Even  the  rocket-sustained  power- generating  tether  would- 
requlre  100  tons  of  hydrogen  and  oxygen  a year,  or  100a  tons  over  10  years. 
Either  a solar  or  a nuclear  power  supply  would  require  far  less  mass  In  order 
to  provide  the  same  baseload  power.  For  long-term  applications  the  rocket- 
sustained  power-generating  tether  Is  utterly  dependent  on  a supply  of  "iree" 
propellant.  This  type  of  power-generating  tether  Is  thus  an  effective  compet- 
itor only  of  other  reactant-consuming,  chemical  power  systems  such  as  fuel 
cells,  these  power  systems  being  generally  limited  to  missions  of  modest 
duration. 


ELECTRIC  PROPULSION  FOR  ORBIT  MAINTENANCE 

The  high  propellant  consumption  of  the  rocket-sustained  power-generating 
tether  raises  the  question.  Might  this  propellant  consumption  be  reduced  by 
switching  to  electric  propulsion,  which  can  attain  very  high  specific  Impulse 
Because  It  can  use  a variety  of  propellants,  electric  propulsion  also  offers  a 
second  Interesting  possibility:  perhaps  the  residual  hydrogen  and  oxygen  could 
be  used  for  other  purposes,  such  as  generating  power  In  fuel  cells,  and  then 
the  product  water  used  as  propellant  for  electric  propulsion.  In  fact,  the 
propellant  might  be  almost  any  supply  of  material  otherwise  wasted.  The  power 
source  for  the  electric  propulsion  could  be  either  the  conducting  tether  Itself 
or  an  Independent  power  supply;  both  will  be  considered.  The  electric  propul- 
sion device  might  be  either  an  electrothermal  Jet,  an  arcjet,  an  electro- 
pi  asma-dynamlc  thruster,  or  at:  ion  thruster  (this  list  being  In  order  of 
Increasing  specific  Impulse).  Thus  an  entire  spectrum  of  specific  Impulse  Is 
available  for  consideration. 
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Not  all  of  the  concepts  to  be  explored  will  be  found  valuable,  but  at  this 
stage  in  the  study  of  tethers,  some  coarse  screening  of  concepts  such  as  this 
Is  worthwhile. 


Using  Tether- Generated  Power 

Although  electric  propulsion  with  t-ts  high  specific  Impulse  offers  the 
possibility  of  lower  propellant  consumption  than  chemical  propulsion,  generat- 
ing power  for  the  electric  propulsion  Itself  will  Impose  an  added  drag  on  the 
tether.  Concomitantly,  this  added  drag  will  Increase  propellent  consumption. 
Let  us  briefly  investigate  how  these  two  factors  balance,  one  increasing  and 
the  other  decreasing  propellant-consumption. 

For  the  fiducial  case  of  power  generation  compensated  by  chemical  rocket 
propulsion, 
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where 

Pq  useful  power  generated 

overall  efficiency  of  powen  generation  (0.73) 

Oa  drag  tether 
V spacecraft  velocity  (7612  m/s) 

-mQ_  propellant  flow  rate 

Fq  propulsive  thrust  of  chemical  rocket 

go  standard  gravitational  acceleration  (9.80666  m/s2) 

Iq  specific  Impulse  of  chemical  rocket  (400  s) 

For  steady  operation,  the  thrust  Fq  must  balance  the  drag  Dq,  the  required 
propellant  flow  then  being  4.6x10“®  kg/J  of  electrle  energy. 

When  electric  propulsion  Is  used,  the  power  generated  P must  be 
Increased  by  Pf,  the  power  required  to  produce  the  thrust,  that  Is, 

P » P0  ♦ Pf  (3) 


and 


where 

F thrust 

I specific  Impulse 

nf  thruster  efficiency 


(4) 
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As  before,  the  drag  0 on  the  tether-far  this  Increased  power  Is 
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Propellant  flow  rate  ~m  Is  
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balancing  drag  Q,  combining  equations  (1)  to  (6)  yields 
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Representative  values  of  propellant  flow  ratio - m/mQ  from  equation  (7) 
are  given  In  table  I for  a thruster  efficiency  nf  of  0:8  and  for  various 
values  of  specific  Impulse,  la  each  case,  the  propellant  flow  rate  rh  or  mQ 
Is  that  required  to  produce  the  same  amount  of  useful  power  Pq.  As  specific0 
Impulse  approaches  907  s,  the  propellant  flow  ratio  goes  to  Infinity;  that  Is, 
all  the  generated  power  would  be  consumed  for  electric  propulsion,  and  none 
would  be  left  for  the  useful  load. 


The  minimum  propellant  flow  rate  was  determined  by  equating  the  derivative 
of  equation  (7)  to  zero: 


I*  = 


Vfv 


(8) 


where  I*  Is  the  optimum  specific  Impulse.  For  the  nominal  conditions  assumed 
herein,  this  optimum  specific  Impulse  Is  453  s,  the  value  that  for  a given  use- 
ful power  Pg  minimizes  propellant  flow  or,  for  a given  propellant  flow, 
maximizes  the  useful  power  Pg.  For  this  value  of  specific  Impulse,  half  the 
generated  power  Is  consumed  In  providing  thrust;  the  remaining  half  Is  avail- 
able to  the  useful  load 


The  propellant  flow  ratio  In  equation  (7)  Is  then  1.76;  that  Is,  the  pro- 
pellant flow  rate  Is  76  percent  above  that  for  chemical  propulsion  by  a 
hydrogen- oxygen  rocket.  From  equations  (1)  to  (6),  the  net  useful  power  Pg 
per  unit  mass  flow  rate  can  be  expressed  as 
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Substituting  equation  (8)  Into  this  gives 
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for  the  optimum  specific  Impulse.  The  energy  generated  Is  then  12.3  HJ/kg  of 
propellant,  corresponding  to  a. propellant  flow  of  0.29  kg/kWh.  This  value  of 
propellant  flow  Is  25  percent  less  than  that  required  by  hydrogen- oxygen  fuel 
cells-.  In  addition,  hydxogen  and  oxygen  are  not  required,  only  any  material 
that  can  be  electrically  accelerated  to-4400_m/sr  corresponding  to  a specific 
Impulse  of  453  S-.  ... 

The  amount  of  useful  power  that  can  be  generated  In  this  way  depends,- of 
course,  on  the  amount  of  material  available  as  propellant.  Some  estimates  of~ 
consumables  to  be  supplied  to  the  space  station  early  In  Its  evolution  run  as 
high  as  1 kg/h  for  each  astronaut.  U*tng  that  quantity  of  propellant  could 
then  produce  3.4  kw  of  useful  power  per  astronaut,  or  27  kW  for  a crew  of  8. 

On  the  other  hand,  an  alternative  use  of  that  same  mass  of  consumables  could 
provide  even  more  power.  Consider,  for  example,  a space  station  having  aboard 
a-  powerplant  of  either  the  solar  or  the  nuclear  type.  Not  only  would  such 
powerplants  Impose  less  drag  than  the  power- generating  tether,  but  also  sub- 
stantially higher  specific  impulse  would  be  practical.  Thus  that  same  mass  of 
expended  consumables  could  compensate  for  the  drag  of  a powerplant  of  much 
higher  power  than  would  be  practical  with  a power-generating  tether. 

The  electrically  propelled  power- generating  tether  offers  an  Interesting 
opportunity  for  load  leveling.  If,  for  example,  the  tether  power  generator 
were  capable  of  delivering  100  kW  of  total  power,  the  analysis  herein  suggests 
that  this  would  normally  be  divided  Into  two  halves:  one  for  the  useful  load 

and  the  other  for  propulsion.  But  that  need  not  always  be  so.  At  times  of 
high  power  demand,  the  entire  output  of  100  kW  could  be  used  by  the  useful 
load.  Ourlng  this  time  the  orbit  altitude  of  the  spacecraft  would  decrease, 
tut  only  slowly  If  the.  spacecraft  were  fairly  massive.  At  times  of  below- 
average  power  demand,  the  extra  power  could  augment  spacecraft  propulsion  for 
reboosting  the  orbit  to  Its  nominal  altitude.  The  average  power  demand  must, 
of  course,  be  low  enough  for  sustaining  the  orbit  altitude  or  the  spacecraft 
would  gradually  descend  Into  the  Earth's  atmosphere.  The  spacecraft's  orbital 
energy  would  constitute  the  reservoir  for  storage  and  extraction  of  energy, 
and  It  Is  quite  a large  reservoir.  For  example.  If  the  orbit  altitude  of  a 
100-ton  spacecraft  were  to  decrease  only  10  km,  850  kWh  of  electric  energy 
would  be  made  available  - the  power-generating  efficiency  being  taken  as  0.73, 
as  before.  Without  propulsion  to  compensate  for  the  tether's  drag,  this 
reservoir  of  850  kWh  would  sustain  the  100  kW  of  generated  power  for  8.5  k — 

The  characteristics  of  the  concept  of  electrically  propelling  a power- 
generating tether  can  be  summarized  as  follows: 

(1)  Useful  power  can  be  generated  In  excess  of  that  required  for  electric 
propulsion,  maximum  power  for  a given  propellant  flow  being  generated  In  low 
Earth  orbit  If  tne  specific  Impulse  Is  ab^ut  450  s. 

(2)  Almost  any  supply  0f  propellant  can  be  used,  provided  only  that  It  can 
be  electrically  accelerated  to  about  400  m/s. 

(3)  The  required  flow  of  propellant  Is  25  percent  less  than  the  hydrogen 
and  oxygen  consumed  by  fuel  cells  producing  the  same  useful  power. 

(4)  The  spacecraft's  orbital  energy  Is  a large  reservoir  of  energy  that 
would  permit  temporary  diversion  of  power  from  propulsion  to  other  purposes. 


PlopuKlon  Via  the  Tether 


Reversing  the  current  flow  through  the  tether  would  convert  It  from  a 
generator  Into  a motor,  that  Is,  Into  a propulsive  device.  Of  course,  power. 
from  an  Independent  source  of,  say,  the  solar  or  nuclear  type  would  then  be 
required.  The  voltage  and  force  on  the  tether  would  be  essentially  unchanged 
from  their  values  for  power  generation,  the  force  merely  changing  sign,  in 
this  case,  no  propellant  flow-would  bo  required,  a very  favorable  condition 
for  long-term  missions  In  low  Earth  orbit  such  as  that  of  a space-  station. 
Controlling  the  current  flow  would  control  the  thrust  magnitude.  On  the  other 
hand,  the  thrust  direction  would  de  aligned  with  1 x 6 and  would  thus  be  beyond 
control. 

The  overall  efficiency  of  such  propulsion  by  tether  would  likely  be  about 
the  same  as  that  for  power  generation  by  tether,  herein  estimated  as  0.73. 
Although  this  efficiency  Is  lower  tharv  already  demonstrated  values  for  electric 
propulsion,  the  absence  of  any  propellant  consumption  at  all  would  be  a dis- 
tinct advantage.  The  reduced  propulsive  efficiency  would,  of  course,  Increase 
the  demand  for  power,  and  thereby  the  mass  and  cost  of  the  powerplant  would 
also  Increase.  This  increased  demand  for  power  would  thus  partially  offset  the 
advantage  of  eliminating  propellant  consumption. 


GENERAL  OISCUSSION  OF  TETHERS  FOR  POWER  GENERATION  OR  PROPULSION 

Because  essentially  no  technology  exists  for  power  generation  or  propul- 
sion by  means  of  tethers,  there  Is  a variety  of  questions  concerning  the  over- 
all feasibility  of  the  concepts.  On  the  other  hand,  the  potential  benefits  of 
the.  concepts  warrant  Investigation  In  a technology  program  aimed  at  delineating, 
their  true- merits.  Critical  questions  center  on  the  Interactions  of  such  a 
conducting  tether  with  the  plasma  surrounding  the  Earth.  The  Impedance  of  this 
plasma  will  greatly  Influence  tether  design.  A highly  conductive  plasma  would 
permit  large  currents,  a-  factor  producing  shorter  tethers  and  lower  generated 
voltages.  Although  the  shorter  tether  would  tend  to  reduce  aerodynamic  drag, 
high  plasma  conductivity  can  be  achieved  only  In  regions  of  high  particle  den- 
sity, a factor  tending  to  Increase  aerodynamic  drag.  The  best  operational 
altitude  for  these  conducting  tethers  is  thus  an  open  question  that  will  sub- 
stantially. Influence  both  their  design  and  their  potential  value. 

Plasma  Impedance  will  also  affect  the  size  of  the  required  electron 
collector  and  thus  Its  weight  and  aerodynamic  drag  as  well.  Plasma  Interact- 
ions (chiefly  Alfven  waves)  may  add  energy  to  the  plasma  In  regions  well  beyond 
the  Influence  of  conventional  aerodynamics  and  may  thereby  Increase  aerodynamic 
drag. 


In  response  to  the  uncertainties  concerning  Interactions  of  high  currants 
with  the  Earth's  plasma,  a prudent  program  would  decrease  risk  by  using  low 
currents  and  by  accepting  the  long  tethers  and  the  high  voltages  that  result. 
Electric  potentials  of  tens  of  kilovolts  will  require  not  Just  Insulating  the 
tether  but  also  high  Integrity  of  this  Insulation.  A pinhole  In  the  Insulation 
would  lead  to  leakage  of  electrons.  Bombardment  of  the  surrounding  Insulation 
by  these  electrons  with  kinetic  energies  of,  say,  10  keV  would  chemically 
decompose  that  Insulation  Inasmuch  as  chemical  binding  energies  are  only  of 
the  order  of  1 eV  per  atom  and  thus  far  below  the  10  OQQ-eV  energy  of  the 
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electrons.  For  that  reason,  a minute  defect  In  the  Insulation  or  even  a small 
amount  of  damage  from  particles  In- space  can  lead- to  progressive  damage  and 
failure  of  the  Insulation.  Extensive  testing  of-  the  Insulation  In  high-vacuum 
chamher-s  here  on  Earth  would  aid  In  delineating  the  magnitude  of  the  problem 
and  perhaps  point  the  way  to  Its  solution. 

Power  conditioning  for  tens  of  kilovolts  Is  state  of  the  art  here  on  Eartb 
but  has  yet  to  be  evolved  for  space.  In  particular,  the  usual  power  condition- 
ing for  space  accepts  low  Input  voltage  and  Increases  as  well  as  regulates  the 
voltage  for  supply  to  the  useful  loads.  In  using  power  from  a conducting 
tether,  the  power  conditioning  would  be  required-  to  reduce  voltage  for  delivery 
ta  the  loads,  a transformation  requiring  a new  technology.  An  additional 
factor  affecting  power  conditioning  Is  variation  In  the  generated  voltage  as 
the  result  of  variation  in  v x B along  the  fllghtpath  as  well  as  variation  In 
the  properties  'f  the  space  plasma. 

Using  tethers  for  power  generation  propulsion  would  also  encounter 
some  of  the  same  problems  as  does  every  application  of  tethers  In  space, 
namely,  the  dynamics  and  structural  problems  associated  with  tether  deployment, 
orbit  maneuvers,  and  rendezvous  with  other  spacecraft. 


SUMMARY  OF  RESULTS 

Power  generation  In  low  Earth  orbit  by  means  of  a conducting  tether 
trailed  off  a spacecraft  was  studied.  Analysis  of  this  concept  as  well  as  pro- 
pulsion (both  chemical  and  electric)  to  sustain  the  power-generating  tether 
produced  the  following  results: 

1.  Assessment  of  losses  In  power  generation  showed  that  efficiency  of 
power  generation  might  be  about  0.73. 

2.  In  the  absence  of  propulsion  to  sustain  the  spacecraft,  the  orbit 
would  slowly  decay,  the  decrease  In  altitude  being  20  km  a day  If  the  generated 
power  were  1 kW/ton  of  total  spacecraft  mass.  Power  might  be  extracted  for 
perhaps  a week  In  an  emergency,  but  this  would  not  be  a suitable  strategy  for 
any  extended  mission. 

3.  If  a hydrogen- oxygen  rocket  were  to  provide  the  propulsion  to  sustain 
the  low  Earth  orbit  of  a spacecraft  generating  power  by  means  of  a conducting 
tether,  the  propellant  consumption  would  be  less  than  half  the  consumption  of 
hydrogen  and  oxygen  by  fuel  cells  producing  the  same  power,  for  missions 
beyond  perhaps  a month,  neither  concept  Is  weight-competitive  with  solar  or 
nuclear  powerplants. 

4.  If  residual  hydrogen  and  oxygen  from  the  shuttle's  external  tank  and 
orblter  were  available  to  the  spacecraft,  the  rocket-sustained  power-generating 
tether  could  make  better  use  of  these  residues  than  could  a fuel  cell  because 
(a)  the  proportions  will  likely  not  be  stoichiometric  and  (b)  the  residues  may 
contain  impurities  such  as  helium.  Both  of  these  conditions  a rocket 
tolerates  better  than  do  fuel  cells. 


5.  A single  lightly  loaded  shuttle  might  have  propellant  residues  total- 
ing 7 tons.  That  quantity  of  hydrogen  and  oxygen  would  permit  generation  of 
4.7  kM  of  power  by  a rocket-sustained  power-generating  tether  for  an  entire 
year. 


6.  On  the  other  hand,  the  rocket  propellant  to  sustain  a 70-kW  power 
generating  tether  for  10  years  would  total  1000  tons,  perhaps  100  times  the 
mass  of  a solar  or  nut-lear  powerplant. 

7.  A-  conducting  tether  could  provide  useful  power  plus  power  for  electric 
propulsion  to  compensate  for  Its  own  drag.  The  propellant  could  be  any  avail- 
able supply  of  material  (such  as  waste  from  life  support)  capable  of  electrical 
acceleration  to  about  4400  m/s  (specific  Impulse  of  450  s).  The  generated 
power  would  be  divided  equally  between-  the  useful  load  and  electric  propulsion. 
Not  only  would  fuel  cells  require  the  specific  reactants  hydrogen  and  oxygen  In 
the  stoichiometric  proportion  but  the  mass  consumption  of  those  reactants  would 
be  about  1/3  higher  than  the  propellant  consumption  of  the  self-sustaining 
tether.  A self-sustaining  power-generating  tether  would  by  Its  nature  permit 
load  leveling,  for  peak  to-average  powers  of  2 to  1 , the  spacecraft's  orbital 
energy  being  the  energy  reservoir. 

8.  If  early  In  the  evolution  of  the  space  station  discharges  of  waste 
from  life  support  run  as  high  as  1 kg  per  astronaut-lk*tr,  use  of  this  mass  of 
waste  as  propellant  tn  electric  propulsion  of  a self -sustained  tether  could 
continuously  provide  3.4  kW  per  astronaut,  or  27  kW  for  a crew  of  8. 

9.  Several  questions  concerning  the  feasibility  of  the  power-generating 

tether  must  be  answered  by  a technology  program  before  such  tethers  are  used 
In  space.  The  questions  concern  the  following:  plasma  Impedance  In  low  Earth 

orbit,  use  of  low  currents  and  high  generated  voliages  to  circumvent  high 
plasma  Impedance,  aerodynamic  drag  on  the  tether,  losses  In  the  plasma,  the 
performance  of  electrical  Insulation  In  space  at  potentials  to  tens  of  kilo- 
volts, and  power  conditioning  for  these  high  generated  potentials.  These 
Issues  are  In  addition  to  the  usual  questions  concerning  feasibility  of  tethers 
In  space,  namely,  the  dynamic  and  structural  problems  associated  with  tether 
deployment,  orbit  maneuvers,  and  rendezvous  with  other  spacecraft. 
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figure  1.  - System  elements  of  a power -generating 
tether. 


Figure  2.  - Operating  characteristics  of  a representative 
paver-generating  tether.  EMF,  17  500  V:  current.  5 A 
power,  88  kW ; line  loss.  14  kW;  paver  to  load.  74  kW; 
electron  gun  loss,  4kW-.net  to  station,  70 kW;  aero- 
dynamic drag  energy  loss.  8kW  ; total  energy  drag  on 
space  station,  % kW;  efficiency,  73  percent. 
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PRELIMINARY  INVESTIGATION  OF  THE  ELECTRODYNAMICS  OF  A. CONDUCTING  TETHER 


U.  B.  Thompson 

University  of  California  at  San  Diego* 
La  Jolla,  California  92093 


An  Introductory  study  of  the  properties  of  an  electrically  conducting 
tether  flown  from  the  shuttle  Is  presented.  Only  a single  configuration  Is 
considered-:  a vertical  conductor  moving  normally  across  the  Earth's  field, 

connecting  the  shuttle  to  a large  conducting  balloon  that  passively  extracts 
electrons  from  the  Ionosphere.  The  rather  surprising  nature  of  the  distortions 
In  the  plasma  at  maximum  current  collection  are  described,  as  are  the  local 
and  distant  wakes.  Numerical  values  are  crude  approximations,  the  emphasis 
being  on  the  nature  of  the  process,  not  on  engineering  values,  but  It  is  hoped 
that  this  discussion  will  prove  useful. 


ELECTRODYNAMIC  PROPERTIES  OF  A CONDUCTING  TETHER 

There  Is  a developing  Interest  In  the  possible  uses  of  tethers  In  space 
for  such  purposes  as  transferring  energy  and  momentum  between  bodies,  effecting 
rendezvous  and  probing  neighboring  parts  of  space.  Including  regions  such  as 
the  upper  atmosphere  otherwise  Inaccessible  to  a spacecraft.  Tether  lengths 
of  up  to  100  km  have  been  considered  as  possible,  and  major  experiments  are 
being  designed. 

It  has  been  conjectured,  perhaps  first  by  Alfven,  that  If  such  a tether 
were  made  conducting,  then  since  In  the  neighborhood  of  the  Earth  It  moves 
across  a magnetic  field  and  hence  experiences  an  emf  between  the  ends.  It  could 
draw  a current  from  the  surrounding  plasma  which  could  provide  power  for  use 
on  a spacecraft  (ref.  1).  In  this  paper  some  aspects  of  this  conjecture  are 
considered  In  Its  earliest  and  perhaps  simplest  mode:  a conducting  tether 
extending  up  from  the  shuttle  In  low  Earth  orbit  to  some  suitable  collector. 


Possible  Uses  of  a Conducting  Tether  (refs.  2,  3) 

Power.  - In  low  Earth  orbit,  h = 200  km,  V = 8 km/sec,  and  the  electric 
field  along  the  tether  E «*  V x B » 0.24  V/m.  The  exact  level  of  the  voltage 
drop  along  the  wire  Is  A«  = -AL  • (X±_¥e)  * JU*  VE  being  the  rotational  speed 
speed  of  the  Earth;  hence  It  depends  on  position  and  orientation  of  the  tether, 
field,  and  velocity:  the  given  figures  are  representative.  If  the  tether  con- 

tained an  18-gauge  copper  wire  (0.1 -cm  diameter,  7.3-kg/km  weight,  and  20-Q/km 
resistance),  the  maximum  current  that  could  be  drawn  would  be  ~1 2 A.  Fifteen- 
gauge  wire  has  half  the  resistance  and  double  the  weight,  but  would  permit  a 
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maximum  current  of  24  A to  be  drawn.  At  this  current  level  the  power  dissi- 
pated would  be  2.4  kW/km,  or  240  kW  for  a 100-km  tether.  With  18- gauge  wire 
about  one-quarter  of- this  could  be  used  In  the  spacecraft;  with  15-gauge  wire, 
about  ooe  Jialf. 


The  energy,  of  course,  Is  not  free:  It  Is  obtained  by  Increasing  the  drag 

on  the  spacecraft  and,  If  steady  operation  Is  required,  this  drag  must  be  com- 
pensated for  by  using  rocket  fuel.  However,  as  has  been  pointed  out,  there  Is 
an  energetic  advantage  In  using  fuel  this  way  rather  than  directly  for  onboard 
power.  The  energy  obtained  by  uslRg  the  fuel  for  thrust  Includes  Its  poten- 
tial, which  Is  comparable  to  the  chemical  energy*  the  only  fraction  used  If  It 
Is  burnt  for  onboard  power. 

Thrust  and  drag.  - If  the  tether  carries  a current  I,  It  experiences  a 
force  I x B/unlt  length;  hence  the  system  (spacecraft  + tether  + collector) 
experiences  a total  force  I x BL^,  where  L*  Is  the  vertical  length  of  the 
tether.  For  shuttle  heights  and  a current  of  10  A,  this  Is  about  0.2  N/km  » 

20  N for  a 100-km  tether.  It  is  essentially  a drag,  doing  work  at  the  rate 
l x B - VLt  = -It,  although  It  may  be  Important  that  there  Is  an  out-of-plane 
component  to  the  force.  Moreover,  this  component  of  the  drag  Is  readily 
controlled  simply  by  modulating  the  current  that  Is  drawn. 

The  tether  may  also  be  used  actively.  If  the  collector  can  also  operate 
as  an  electron  emitter,  a current  can  be  driven  through  the  tether,  In  which 
case  a force  of  Xq  x BL^  acts  on  the  shuttle.  The  potential  drop  needed  to  drive 
this  current  Is  ~a*  = IgR  + V x B • + A<$>,  where  A<t>  Is  the  potent lai-drop 

needed  to-collect  the  current  from  the  plasma.  The  efficiency  Is  then 


n = IDR  + V x B . Lt  ♦ A«j> 
Introduce  the  saturation  current 


V x B . Lt 


and  a fictitious  "collection  current" 
show  Is  usually  small,  then 


^&4>/R  = Iq^  . 


which  we  shall  later 


n 


1 

* >c 


Thus  although  the  thrust  Is  small  (like  most  electromagnetlcally  driven  thrust- 
ers), the  efficiency  can  be  quite  high.  Adequate  current  collection  may  cause 
problems.  Moreover,  the  thrust  need  not  be  In  the  orbital  plane,  and  depends 
on  the  orientation  of  the  tether.  This  In  turn  may  be  modified  by  modulating 
the  current,  and  many  electromechanical  games  may  be  played. 

Communications.  - The  tether  constitutes  a very  long  antenna  Immersed  In 
a magnetoactive  plasma;  It  carries  a current  that  can  be  passively  modulated 
Just  by  activating  a switch  and  may  be  useful  for  communications  at  very  low 
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frequencies.  Because  of  the  peculiar  transmission  properties  of  the  magnetized 
plasma-,  there  may  be  Important  advantages  In  using  an  antenna  of  this  type. 
Since  these  transmission  properties  are  so  complex,  a- good  deal,  of  theoretical 
Investigation  Is  required-before  this  will  have-been  adequately  explored. 

Even  If  the  current  Is  not  modulated,  a significant  dls-turbance  Is  pro- 
duced by  the  passage  of  the  tether:  the  wake  It  leaves  behind  In  the  magneto- 

sphere-. Tlie  collector  also  leaves  a wake,  and  these  two  have  rather  different 
and  by  no  means  obvious  character.  Some  fraction  of  the  signals  produced  are 
attenuated  only  weakly  as  the  collector-tether  system  goes  by  and  have  charac- 
teristics signatures. 

Exploration.  - Many  of  the  signals  that  are,  or  could  be,  produced  by  the 
tether  have  propagation  characteristics  that  depend  In  some  detail  on  the 
nature  of  the  plasma  through  which  they  propagate.  Hence  they  may  be  useful 
In  large-scale  synoptic  exploration  of  parts  of  the  magnetosphere.  These  ex- 
plorations are  of  practical  Importance  since  they  also  constitute  explorations 
of  possible  communications  channels. 


Questions 

Current  collection.  - The  electrodynamic  use  of  a tether  requires  that  It 
be  able  to  collect  the  necessary  current.  It  Is  by  no  means  obvious  that  this 
can  be  done,  A small  positive  probe  placed  In  a plasma  collects  a current  of 
the  order  of  ne_v/area,  where  v.  = <JkT/2mir.  At  shuttle  heights,  where 
n a 2xl05/cm3  and  the  temperature  Is* approximately  0.2  eV,  this  Is  of  the 
order  of  Z. 5 mA/m^,  and  a collector  area  of  approximately  2000  m?  should  be 
enough  to  collect  about  5 A (refs.  4,  5)..  On  the  other  hand.  It  Is  not  dear 
that  the  same  current  can  be  drawn  by  a large  probe.  Suppose  the  collector  has 
an  area  ~0^  and  hence  a length  across  the  magnetic  field  of  ~D.  Then  cur- 
rent Is  collected  from  any  field  line  for  a time  D/V,  and  the  number  of  elec- 
trons extracted  per  unit  area  Is  approximately  equal  to  nv  (D/V).  To  collect 
this,  all  of  the  electrons  must  be  removed  from  a column  of  length  Le  * (v/V)  D. 
For  electrons  at  0.2  eV  and  a collector  speed  of  8 km/sec,  this  Is  ~10  D * 

100  m for  a 0 of  10  m.  How  does  this  happen?  And  how  much  energy  1$  needed 
to  collect  this  current? 

Wakes.  - Some  well-known  work  has  been  done  on  the  production  of  Alfven 
waves  (ref.  6)  by  large  structures  moving  through  the  magnetosphere.  We  have 
Instead  a structure  that  draws  an  electric  current,  extracting  negative  charge 
from  one  region  and  ejecting  It  In  another,  while  seriously  modifying  the  local 
magnetic  field.  What  Is  the  effect  of  these  modifications  on  the  local  and 
distant  properties  of  the  magnetosphere?  What  happens  to  the  charges?  How 
does  the  current  close?  Where  does  the  momentum  come  from?  What  Is  the  energy 
balance? 

Communications . - The  whole  question  of  low-frequency  propagation  through 
the  magnetosphere  Is  one  that  can  be  answered  In  principle  (l.e.,  the  response 
function  Is  well  known  and  can  easily  be  written  down  for  a plane  wave).  How 
Is  this  connected  to  the  signal  produced  by  a source  of  a given  configuration 
moving  through  a nonunlfonn  plasma?  (or  for  chat  matter,  moving  through  a 
uniform  plasma?)  Attempts  to  deal  with  these  problems  require  handling  the 
dispersion  relation  for  a warm  magnetoplasma,  a mathematical  object  with  quite 
horrendous  properties. 
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Are  there  significant  model,  experiments  that  could  be  carrled-out  on-a 
laboratory  sxale  and  would  give  significant  information  here?  And  If  so,  how 
should  such  Information  be  interpreted? 


The-Present  Investigation 

To  obtain  significant  results,  the  present  Investigation  concentrated  on 
two  questions  for  a particular  configuration.  The  two  questions  were:  how  Is 
the  current  collection  affected?  and  what  are  the  most  Important  features  of 
the  wake? 

The  configuration  considered  Is  a 100-km  tether  drawing  a saturation  cur- 
rent of  5 A from  a sphere  of  radius  25  m,  a balloon,  with  a surface  conductiv- 
ity of  a 1-mll  layer  of  copper.  The  magnetosphere  Is  considered  as  containing 
a density  of  2xl05  electrons/cm?,  neutralized  by  an  equal  number  of  singly 
charged  positive  016  Ions,  both  at  a temperature  of  0.2  eV  («2200°)  (ref.  11). 

Current  collection.  - If  the  electrons  were  collected  through  an  Inverse 
Langmuir  Childs  sheath  from  a virtual  cathode  that  moved  out  from  the  collector 
to  a distance  of  -100  m,  the  required  potential  drop 


would  be  of  order  of  10?  V,  and  essentially  such  a current  could  not  be  col- 
lected. However,  this  assumes  that  the  positive  Ions  play  no  role  and  that 
the  field  of  the  collector  is  screened  by  the  electrons  that  it  Is  collecting. 
We  have  consldered-the  role  of  the  Ions  and  have  come  to  a much  more  optimistic 
conclusion. 

Consider  the  effect  near  the  leading  edge  of  the  collector.  The  parallel 
electric  field  that  It  produces  Is  effectively  wiped  out  by  the  motion  of 
electrons  along  the  magnetic  lines  of  force  ahead  of  the  collector.  However, 
as  soon  as  the  collector  crosses  a line  of  force,  the  electrons  on  that  line 
are  drained  off,  and  the  electric  field  begins  to  appear.  As  a consequence, 
the  potential  on  that  field  line  begins  to  rise.  Now,  although  electrons  are 
confined  to  magnetic  field  lines,  their  gyroradlus  being  ~0.15  cm,  this  Is  not 
true  for  the  much  heavier  Ions  that  have  energies  of  1/2  MV^  in  the  collector 
frame.  This  Is  about  6 eV,  and  until  the  potential  reaches  this  value,  the 
Ions  are  free  to  move  across  the  field;  however,  when  this  value  Is  exceeded, 
the  Ions  are  reflected.  Since  the  Ions  have  a thermal  spread,  not  all  are 
reflected  at  this  potential;  a somewhat  higher  potential  of  -12  eV  Is  needed 
to  reflect  most  of  the  Ions. 

The  electrons  are  accelerated  by  the  parallel  electric  field  and  gain  a 
velocity  given  by-J2e«t»/m.  Since  the  electron  flux  remains  ~nv,  the  electron 
density  Is  reduced  by  a factor  of  ykT7e£  « 1/8.  Since  both  the  electron  and 
Ion  densities  are  reduced,  the  electrons  by  parallel  acceleration  and  the  Ions 
by  partial  reflection,  there  exists  a potential  4>q  « 12  eV  at  which  the 
electron  and  Ion  densities  are  equal.  If  the  collector  sits  at  this  potential 
with  respect  to  the  undisturbed  plasma,  It  can  collect  the  saturation  current, 
even  though  the  accelerating  fields  sit  not  near  the  collector,  but  on  a nar- 
row sheath  that  extends  out  at  an  angle  7/V  along  the  magnetic  field  and 
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reaches  a distance  U « v/V  • 0 ~ 150  m from  the  collector.  The  voltage 
drop  needed  to  collect  tWs  current  Is  then  only  of  the  order  of  12.  V,  which  Is 
equivalent  electrically  to  increasing  the  tether  length  by  ~f>0  m.  Hence  U Is 
negligible  for  kdlometer- length  tethers. 

Because  this  extended  sheath  reflects  the  Ions  while  It  extracts  the 
electrons,.  everywhere  behind  the  extended  sheatH  the  plasma  density  Is  very 
low.  As  soon  as  the  collector  has  passed,  electrons  are  na  longer  extracted 
and  the  potential  rapidly  drops.  As  It  does  so,  electrons  rush  out  with  ap- 
proximately the  thermal  speed,  leaving  only  a small  negative  charge,  so  that 
the  plasma  although  at  low  density  Is  again  neutral  at  a distance  of  the  order 
of  0,  the  collector  width,  behind  the  collector.  Behind  this-,  the  low-pressure 
region  fills  In  at  a rate  given  by  the  Ion  thermal  speed,  ~1.5  km/sec.  Hence 
the  plasma  does  not  recover  Its  original  density  for  2L$  (V/vJ)  « 1 km  behind 
the  collector. 

The  reflected  Ions  have  velocity  In  the  plasma  frame  of  2 V and  hence  move 
In  gyro  orbits  with  a radius  rL  = 2V/fl+  * 90  m,  about  a center  90  m below  the 
collector.  They  produce  a net  positive  charge  of  the  order  of  D/4ri  « 2.5 
percent  of  the  total  Ion  charge  density.  This  Is  neutralized  by  an  Influx  of 
electrons  along  the  field  lines  In-  a distance  again  of  the  order  of  0.  The 
total  charge  does  not  disappear  but  spreads  out  along  the  field  line,  with  the 
electron  thermal  speed  essentially  halving  In  the  distance  0.  After  100  m the 
charge  density  Is  reduced  to  ~Q.l  electrons/cm2,  and  Its  dynamic  effect 
essentially  disappears.  The  excess  charge  drifts  down  and  across  the- magnetic 
field  lines  and  eventually  Is  balanced.  In  the  Ionosphere. 

The  wake.  - The  local  effects  of  the  Collector  are  as  follows:  a volume 

of  height  0 (=25  m extending  out  along  the  field  lines  a distance  (v/V)  0 
(“250  m)  on  either  side  of  the  collector  and  tapering  back  to  vanish  at  a 
distance 


V V V 

V V ° = v 0 


5 km 


behind  the  collector  Is  evacuated  of  plasma;  while  a volume  of  height  w4rL 
» 180  m,  of  width  150  m,  and  of  length  ~D  acquires  a charge  of  D/4tl  - 3.5 
percent  nee/un1t  volume. 

The  positive  current  flows  out  of  the  collector,  with  a current  density 
of  ~2.5  mA/m2,  carried  by  the  electrons;  flows  forward  and  down  across  the 
field  lines,  with  a density  of  3 mA/m2,  carried  by  the  Ions;  then  flows  along 
the  field  lines  with  a density  of  -0.3  mA/m2.  carried  by  the  electrons.  The 
associated  magnetic  perturbations  are  ~5xlO"'5  g for  the  first  current  (a 
magnetic  twist),  3xl0~6  g for  the  second  (an  Increase  In  field  strength),  and 
1.2xl0~b  g for  the  third  (a  further  magnetic  twist). 

The  major  modification  In  the  background  Is  produced  by  the  magnetic  field 
In  the  tether.  For  -2  cm  about  the  tether  this  field  exceeds  the  Earth's  field 
and  the  field  lines  close  about  the  tether,  while  beyond  this  the  disturbance 
falls  off  as  1/r.  It  Is  Important  to  note,  however,  that  the  tether  bends  and 
compresses  the  field  lines  but  does  not  Introduce  a twist.  This  Is  Important 
when  we  consider  the  nature  of  the  wakes  and  Is  a result  of  our  assumption  of 
a horizontal  field. 
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The  MHD  wake.  - The  low-frequency  disturbances  produced  by  the  passing  of 
the  tether  can  be  described  In  the  simplest  approximation  by  considering  the 
plasma  as.  an  ideally  conducting  fluid.  For  our  case  the  velocity  of  sound  Is 
much  less  than  the  Alfven  speed,_Cs  ~ 2 km/sec,  « 130  km/sec*,  and  there  are 
three  possible  waves  (ref.  10);  an  Alfven  wave,  which  propagates  along  the 
magnetic  field,  with  the  Alfven  speed;  a channeled  .sound,  wave,  which  again  prop- 
agates along  the  magnetic  field,  but  now  with  the  speed  of  sound;  and  an 
Isotropic  magnetflacoustlc  wave,  which  propagates  Isotropically  with  the  Alfven 
speed. 

Since  the  Alfven  speed  Is  much  greater  than  the  speed  of  the  tether 
(8  km/sec),  the  magnetoacoustic  wake  does  not  appear  as  a dynamic  wave, 
instead  It  Is  static  In  the  tether  frame  and  Is  modified  slightly  by  the 
"Lorentz"  contraction — z_-*  z Ml  - Vz/Cj(  J,  which  for  our  case  Is  ~0.1 
percent . ' ' 

The  magnetic  twists  (~2xlQ*4  g)  propagate  along  the  magnetic  field  lines 
wltn  the  Alfven  speed  but  are  slowly  attenuated  as  a result  of  collisions,  with 
a scale  length  substantially  greater  than  the  electron  mean  free  path:  In 

fact  of  the  order  of 


L 


J»_4 . 

vV0 


f 


where  dg  Is  the  colllslonless  screening  length,  c/up*  = 4 m for  our  case  and 
hence  L « (C a/V)  2 Xf  = 800  km.  If  the  magnetic  field  has  a vertical  compo- 
nent or  If  the  tether  Is  not  perpendicular  to  the  field,  then  a very  much  larg- 
er signal  can  be  propagated  as  an  Alfven  wave,  and  It  Is  here  that  communica- 
tions possibilities  may  exist  (frequencies  must  be  substantially  less  than  the 
lon-gyrofrequency,  when  Doppler  shifted,  Q+  * 180,  v s 28  cycles/sec). 

The  magnetoacoustic  mode  produces  a modification  In  the  magnetic  field 
strength  that  Is  almost  Indistinguishable  from  the  vacuum  field.  The  azimuthal 
field  has  the  vacuum  form,  but  there  Is  superimposed  on  this  a small  radial 
field 
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r 


sin  2e 
r 


and  an  associated  current  density 

* , V?  cos  20 

for 

super- 
wave. 


This  can  be  quite  large  near  the  tether  but  Is  only  correctly  described 
values  of  r » 2 cm,  where  nonlinear  modifications  become  unimportant 
(hence  j « I). 

The  magnetosonlc  wave  that  carries  the  pressure  pulse  represents  a 
position  of  the  channeled  sound  wave,  and  the  Isotropic  magnetoacoustic 
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The  pressure  pulse  propagates  along  the  field  line  and,  as  It  propagates,  pro- 
duces a pressure  disturbance  In  Its  neighborhood  that  falls  off  as  1 /p,  where 
a Is  the  perpendicular  distance  to  the  field  line.  The  disturbance  rapidly 
becomes. small,  and  In  addition,  In  a-more  rigorous  treatment,  Is  damped. 

High-frequency  components.  - If  the  plasma— Is  treated  by  the  more  rlgorous- 
and  appropriate  method  of  colllslonless  kinetic  theory,  the  low-frequency  MHO 
results  are  reproduced,  providing  that  the  conditions  k(lv0"/k  • V « 1 and 
knveVk  • V » 1 are  satisfied.  (Note  that  this.  Invalidates  the  slow  sound 
wave,  which  becomes  strorgly  damped.)  There  are,  however,  other  modes  of 
oscillation  po.s s 1 b 1 e ,„a nd_ many  of  these  waves -have  peculiar  transmitting 
properties. 

If  we  work  only  to  lowest  order  In  the  Ion  gyror^ilus,  using  the  cold  Ion 
approximation,  then  the  tether  field  gives  rise.  In  addition  to  the  quasi- 
static response,  to  an  oscillating  field  whose  amplitude  depends  essentially  on 
the  distance  along  the  field  line  from  the  point  of  observation  to  the  tether, 
and  only  slowly  on  the  distance  along  the  direction  of  motion.  The  frequency, 
however,  varies  with  this  distance  and,  as  a.  result,  a signal  modulated  In 
both  amplitude  and  frequency  Is  produced  as  the  tether  passes. 

The  charge  density  can  also  excite  a narrow  band  of  Langmuir  waves,  pro- 
viding that  k • V/k||Ve“  » 1.  These  combine  again  to  give  a modulated  wave  as 
the  collector  passes.  The  signal  occurs  In  planes  above  and  below  the  collec- 
tor, and  this  time  has  a constant  amplitude  depending  only  on  the  distance 
projected  along  the  field  line  and  Is  again  a slowly  modulated  sine  wave  In 
the  region  of  Its  appearance. 


CONCLUSIONS 

This  has  been  an  Introductory  essay  on  the  subject  of  conducting  tethers. 
We  have  presented  arguments  suggesting  that  current  collection  can  be  reason- 
ably efficient  even  with  a fairly  simple  system,  although  the  local  modifica- 
tion In  the  plasma  Is  both  unexpected  and  dramatic.  We  have  also  discussed 

some  features  of  the  wake  and  have  explored  several  components:  the  Alfven 

wave,  magnetoacoustics,  and  high-frequency  elements. 

This  Is  by  no  means  a complete  study;  It  is  suggestive  rather  than  demon- 
strative. We  have  not  given  a complete  and  consistent  theory  of  the  extended 
sheath  (the  high  field  region  needs  to  be  analyzed),  nor  have  we  discussed  Its 
overall  stability. 

The  discussion  of  the  wake  Is  also  Incomplete.  The  pressure  mode  (the 
slow  magnetoacoustic  wave)  Is  probably  strongly  damped,  and  the  connections  to 
the  source  have  not  been  evaluated  In  full  detail.  Some  of  the  results,  the 
lack  of  Alfven  waves  from  the  tether,  for  example,  depend  on  the  orientation 
chosen  and  would  be  modified  as  the  system  moved. 

The  treatment  of  the  high-frequency  components  Is  also  Incomplete.  We 
have  used  a greatly  oversimplified  representation  of  the  dielectric  response, 
neglecting  the  effects  of  Ion  thermal  motion.  Including  the  higher  cyclotron 
resonances. 
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More  Importantly,  we  have  restricted  the  analysis  to  the  static  wake.  If 
the  current  Is  modulated,  new  phenomena  must  be  expected,  some  of  which  can  be 
analyzed  by  the  methods  we  have  described,  but. some  of-whVch  call  for-more 
complex  Investigations. 

We  have  not  presented  a careful  analysis  of  motion  around  the  tether. 

This  Is  Important  since  the  coupling  to  the  linear  waves  requires  a treatment— 
of  the  Vocal -nonlinear  region. 

Finally,  we  have  not  attempted  to  consider  the  possible  effect  of  electro 
dynamic  forces  on  the  motion  of  the  tether. 

Much  remains  to  be  done,  but  at  least  a start  has  been  made  on  a detailed 
and  rigorous  analysis  of  the  electrodynamics  of  a tether  In  space. 
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ASIR0NAUT  HAZARD  DURING  FREE-F LIGHT  POLAR  EVA 


William  N.  Hall 

Air  Force  Geophysics  Laboratory 
Haoscom  Air  Force  Base,  Massachusetts  01731 


Extravehicular  Activity  (EVA)  during  Shuttle  flights  planned  for  the  late 
1980's  includes  several  factors  which  together  may  constitute  an  astronaut  hazard. 
Eree-flight  EVA  is  planned  whereas  prior  United  States  earth  orbit  EVA  has  used 
umbilical  tethers  carrying  communications,  coolant,  and  oxygen.  EVA  associated 
with  missions  like  Landsat  Retrieval  will  be  in  orbits  through  the  auroral  oval 
where  charging  of  spacecraft  may  occur. 

The  astronaut  performing  free  flight  EVA  constitutes  an  independent 
spacecraft.  The  astronaut  and  the  Shuttle  make  up  a system  of  electrically 
isolated  spacecraft  with  a wide  disparity  in  size.  Unique  situations,  such  as  the 
astronaut  being  in  the  wake  of  the  Shuttle  while  traversing  an  auroral  disturbance, 
could  result  in  significant  astronaut  and  Shuttle  charging.  Charging  and 
subsequent  arc  discharge  are  important  because  they  have  been  associated  with 
operating  upsets  and  even  satellite  failure  at  geosynchronous  orbit.  Spacecraft 
charging  theory  and  experiments  are  being  examined  to  eval'iate  charging  for  Shuttle 
si2e  spacecraft  in  the  polar  ionosphere. 

The  extensive  body  of  knowledge  about  auroral  phenomena  can  assist  in 
evaluating  the  importance  of  charging.  Images  recorded  by  the  Defense 
Meteorological  Satellite  Program  (DMSP)  satellites  in  Circular  orbits  show 
snapshots  of  the  spatial  extent  of  the  optical  aurora.  Montages  of  all  sky  camera 
images  from  an  aircraft  flying  a path  to  remain  at  constant  local  midnight  show 
the  cyclic  behavior  and  the  suddenness  of  onset  of  optical  aurora.  Geophysical 
conditions  measured  at  the  time  can  be  used  to  evaluate  the  EVA  conducted  from 
Skylab  in  1973-74.  Skylab,  with  an  orbit  inclination  of  50  degrees,  did  encounter 
the  auroral  oval  when  the  orbit  latitude  extremes  were  at  the  right  longitude  and 
local  time.  Study  of  the  geophysical  conditions  and  orbits  during  the  Skylab  EVAs 
showed  that  astronauts  on  EVA  were  always  at  least  5 degrees  of  latitude 
equatorward  of  the  auroral  oval. 


INTRODUCTION 

In  the  process  of  evaluating  space  systems  environmental  interactions  (Pike  et 
al,  ref.  1),  it  became  apparent  that  physical  interactions  between  the  environment 
and  the  astronaut's  extravehicular  activity  (EVA)  equipment  could  be  significant. 
Servicing  of  satellites  after  launch  is  an  example  of  how  astronaut  free-flight 
EVA  will  be  used.  The  EVA  equipment  now  available  for  use,  developed  by  the 
National  Aeronautics  and  Space  Administration  (NASA)  at  the  same  time  that  the 
Shuttle  was  being  developed,  was  designed  for  Shuttle  flights  at  low  inclination 
angles  (NASA  Johnson  Sp?ce  Center  (JSC)  Private  Communication,  1982).  At  that 
time  it  was  not  antic:*. paced  that  polar  orbit  EVA  would  involve  additional  problems. 
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The  special  area  of  concern  to  Air  Force  Geophysics  Laboratory  ( AFGL)  is  with 
the  physical  interaction  between-  the  environment  and  the  a-stronaut's  EVA  equipment, 
as  opposed  to  the  biological  interaction  between  the  environment  and  the  astronaut 
himself*  The  effort  has  focused  on-  the  interaction  of  charging  and  arc  discharges 
(Garrett  and  Pike*  ref.  2)  on  the  Extravehicular  Mobility  Unit.  (EMU),  the  Primary 
Life  Support  System  (PLSS),  and  the  Manned  Maneuvering  Unit  (MMU).  This 
interaction  is  important  because  of  the  consequences  of  EVA  equipment  failure  in 
combination  with  the  great  uncertainty  involved  with  charging  and  arc  discharge  in 
the  Shuttle  environment. 


EXTRAVEHICULAR  ACTIVITY 

The  polar  orbit  EVA  to  be  conducted  from  Shuttle  will  encounter  conditions 
differing  from  those  encountered  during  the  NASA  successful  EVA  history  during  the 
Gemini,  Apollo,  and  Skylab  programs  (Furniss,  ref.  3).  The  NASA  history  of  EVA 
has  been  one  of  outstanding  success  since  the  first  EVA  by  White  on  the  Gemini  4 
flight  in  1965.  The  Gemini  program  included  9 EVAs  at  low.  (several  hundred 
kilometers'  altitude  and  low  latitude  with  the  astronauts  connected  to  the 
spacecraft  by  an  umbilical  tether  carrying  oxygen,  coolant,  and  communications 
services.  Approximately  20  EVAs  were  conducted  during  the  Apollo  program.  Most 
occurred  on  the  lunar  surface  with  3 in  deep  space  while  returning  to  earth. 
Although  the  lunar  EVAs  were  untethered,  they  were  in  a deep  space  environment 
quite  different  from  the  Earth's  ionospheric  plasma.  The  10  EVAs  from  Skylab  were 
again  in  the  ionospheric  plasma  with  the  astronauts  connected  to  Skylab  by  an 
umbilical  tether.  Skylab* s 50  degree  orbit  inclination  intersected  the  auroral 
oval,  the  greatest  overlap  was  in  the  southern  hemisphere  near  Australia.  However, 
the  Skylab  EVAs  were  conducted  while  the  orbital  latitudinal  extremes  were  in 
other  longitudinal  sectors.  The  geophysical  conditions  encountered  during  the 
Skylab  EVAs  will  be  discussed  later. 

With  this  successful  EVA  history  as  a baseline,  what  is  there  about  EVA  from 
the  Shuttle  to  cause  concern?  One  significant  factor  is  that  at  times  the 
astronaut  will  be  untethered  and,  if  simultaneous  failures  occur,  could  "float 
away".  Another  factor  is  the  development  of  Vandenberg  Air  Force  Base  as  a Shuttle 
launch  site.  Vandenberg  will  have  the  capability  of  launching  the  Shuttle  into 
high  inclination  orbits  intersecting  the  auroral  oval  4 times  during  every  orbit. 
The  environment  at  auroral  oval  latitudes  is  markedly  different  from  that  at  low 
latitudes  and  is  potentially  hostile  during  geophysical  disturbances.  NASA  is  now 
considering  a polar  orbit  Shuttle  flight  from  Vandenberg  to  retrieve  the  Landsat-D 
satellite.  The  mission  scenario  is  expected  to  include  EVA  and-,  possibly, 
free-flight  EVA. 


Polar  Orbit  Extravehicular  Activity 

The  polar  orbit  EVA  illustrated  in  figure  1 depicts  the  combination  of 
circumstances  which  make  polar  free-flight  EVA  different  from  other  EVAs  to  date. 
At  the  center  is  a graphical  representation  of  analytical  modeling  of  the  Shuttle 
and  an  astronaut  on  EVA  in  the  ambient  ionospheric  plasma  (Cooke  et  al,  ref.  4). 
The  shape  of  the  Shuttle  is  represented  by  different  sized  rectangular  and 
triangular  solids.  The  astronaut  is  represented  as  a 2 meter  long,  1 meter 
diameter,  dielectric  cylinder.  The  Shuttle  is  large  compared  to  the  size  of  the 
astronaut,  who  will  at  times  be  in  the  wake,  where  electron  and  ion  densities  are 
decreased.  The  Shuttle  is  shown  with  the  negative  Z axis  in  the  direction  of 
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motion  and  the  payload-bay  in  the  wake.  The  contours,  more  distinct  in  the 
original  color  illustration^,  show  the  decreased  electron  and-ion  density.  The 
innermost  contour  represents  5%  of  ambient.-  Experimental  plasma  density 
measurements  in  the  Shuttle  payload  bay  on- early  flights  have  shown  great 
differences  between  the  payload  bay  in  the  ram  direction,  where  the  ionosphere  has 
access  to  the  payload  bay,  end  the  payload  bay  in  the  wake  orientation  (Shawhan  et 
al*  ref.  3).  For  some  geometrical  arrangements  during  flight- through  the  auroral 
Oval,  such  as  depicted  here,  the  Shuttle  and  the  free-flying  astronaut  will  both 
be  exposed  to  the  incident  auroral  electron  flux.  Conditions  which  support 
Spacecraft  charging  will  occur  because  of  the  auroral  electron  flux  combined  with 
the  decreased  electron  density  and,  more  importantly,  the  reduced  thermal  positive 
ion  density  in  the  Shuttle  wake. 

Existing  Extravehicular  Activity  Equipment 

Figure  2 identifies  some  of  the  surface  materials  used  on  the  astronaut’s 
EVA  equipment  (NASA  JSC  Private  Communication,  1982).  Many  of  these  materials  are 
similar,  or  even  identical,  to  materials  which  were  adversely  affected  on  the 
SCATHA  (Spacecraft  Charging  At  High  Altitudes)  satellite  and  in  laboratory  studies 
of  the  charging  of  materials  in  space.  Most  of  the  space  suit  (EMU)  is  covered  by 
Orthofabric  which  has  a white  surface  consisting  of  expanded  teflon.  The 
astronaut's  finger  tips  and  shoe  soles  are  silicon  rubber.  Much  of  the  MMU  is 
covered  with  the  type  of  Chemglaze  paint  which  has  been  found  to  exhibit  charging 
on  SCATHA  and  in  other  spacecraft  charging  studies.  Some  areas  have  silverized 
teflon  and  others  have  gloss  white  paint  over  glass/epoxy  or  kevlar/epoxy.  The 
astronaut’s  helmet  and  the  MMU  locator  light  domes  are  Lexan.  A similar  material, 
Plexiglas,  which  has  previously  been  used  for  transparent  spacecraft  components, 
is  known  to  have  been  associated  with  charging.-  The  metal  foil  decals  used  for  a 
number  of  identifying  labels,  particularly  on  the  MMU,  may  become  involved  with 
charging.  Previously,  isolated  conductive  patterns  on  printed  circuit  boards  have 
suffered  charging  and  deleterious  arc  discharges  (Leung  et  al,  ref.  6).  The 
decals  are  an  example  of  a seemingly  innocuous  item  which  becomes  significant  when 
conditions  conducive  to  charging  occur. 

Figure  3 shows  an  astronaut  equipped  for  free-flight  EVA.  The  major  equipment 
systems  are  the  EMU  and  the  PLSS  used  for  all  EVAs,  along  with  the  MMU  used  for 
untethered  free-flight  EVA.  Some  problems  with  EVA  equipment  can  be  direct 
life-threatening  hazards  to  the  astronauts.  The  failure  of  the  PLSS  circulating 
fan  motor  during  the  STS-5  flight  is  an  example  (Aviation  Week,  ref.  7).  MMU 
failures  are  also  potentially  life  threatening.  A failure  causing  an  MMU  thruster 
to  remain  on  would  cause  attitude  control  problems  similar  to  those  encountered  by 
Gemini  8 where  a spacecraft  control  system  short  circuit  caused  one  thruster  to 
fire  continuously.  The  Gemini  astronauts  used  75%  of  their  reaction  control 
system  fuel  before  recovering  from  the  malfunction.  This  forced  them  to  cancel 
the  rest  of  their  mission  and  return  as  soon  as  possible.  Operational  planning 
for  EVA  provides  for  the  Shuttle  going  after  the  astronaut  if  there  are  multiple 
failures  in  the  MMU  redundant  control  systems.  A MMU  thruster  malfunction  leaving 
the  astronaut  spinning  rapidly  could  complicate  retrieval  by  the  Shuttle,  as  well 
as  be  a direct  danger  to  the  astronaut. 

Other  EVA  equipment  problems  which  would  limit  EVA  operations  have  just  as 
much  significance  as  life-threatening  hazards,  from  the  standpoint  of  failure  to 
achieve  the  Shuttle  mission  objectives.  Failure  of  an  EMU  astronaut  communications 
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link,  while  not  & threat  to  the  astronaut’s  life,,  would  cut  short  a mission  such 
as  repair  of  the  Solar  Maximum  Mission  spacecraft*.  Failures  in  the  helmet 
television  or  PLSS  Caution  and  Warning  systems  also  limit  operations.  EVAs 
would  not  be  carried  out  without  one  of  these  systems  unless,  for  example,  it 
was- necessary,  for  the  astronaut  to  close  the  payload  doors  for  entry.  The 
presehtly  available  EVA  equipment  uses  advanced  microelectronics  for  monitoring 
status,  communications,  etc.-,  but  not  for  direct  control  of  life  support 
subsystems.  A change  to  direct  microprocessor  control  of  life  support  functions, 
proposed  for  future  systems,  could  make  failure  even  more  significant. 

Extravehicular  Activity  Near  Solar  Array  Systems 

Figure  4 illustrates  another  new  aspect  of  EVA  in  the  future,  operation  near 
high-power-generating  solar  array  systems,  where  charging  is  known  to  occur  and 
arc  discharges  have  been  observed.  An  example  is  the  50  KW  system  NASA  is  planning 
for  the  Space  Station.  Solar  array  segments  have  differences  in  electrical 
potential  due  to  the  series-parallel  interconnection  of  individual  cells.  Point 
to  point  arc  discharges  occur  when  the  difference  in  potential  between  the  most 
positive  and  most  negative  solar  cells,  or  from  the  solar  cells  to  the  ambient 
plasma,  is  too  large  (Stevens,  ref.  8).  The  net  effect  of  the  solar  array  surfaces 
is  to  modify  the  nearby  plasma  such  that  a hazard  may  be  created  for  a free-flying 
astronaut.  A solar  array  hazard  would  have  a major  impact  on  EVAs  anticipated 
during  assembly  and  operations  of  a Space  Station  dependent  on  solar  arrays. 

AURORAL  OVAL  ENVIRONMENT 

The  concept  of  the  auroral  oval  was  developed  by  Feldstein  and  Starkov 
(ref.  9)  but  has  been  most  strikingly  illustrated  by  the  recordings  of  auroras 
made  by  satellite  imaging  systems.  Originally,  the  oval  was  used  to  describe  the 
location  where  optical  auroras  were  observed.  Later,  it  has  also  been  found  useful 
in  describing  other  phenomena,  including  the  precipitation  of  energetic  electrons 
which  produce  auroras.  The  oval  extends  completely  around  the  earth  although,  in 
some  orientations,  observation  of  optical  auroras  is  masked  by  sunlight.  The 
auroras  are  found  in  a band,  somewhat  circular  in  form,  with  its  center  displaced 
towards  the  night  side  of  the  earth.  It  has  a greater  latitudinal  extent  on  the 
dark,  or  midnight,  side.  The  oval  forms  a fixed  pattern,  relative  to  the  sun, 
which  changes  in  geographical  location  as  the  earth  rotates  beneati  (Whalen, 
ref.  10). 

The  satellite  auroral  photos  in  figure  5 demonstrate  how  the  aurora  can  have 
spatial  variations,  particularly  in  north-south  extent  (Pike,  ref.  11).  Local 
midnight  is  at  the  center  of  each  of  the  2 auroral  photos.  On  the  right,  when 
the  aurora  would  be  described  as  quiet,  the  aurora  has  a narrow  latitudinal  extent. 
A spacecraft  crossing  it  at  right  angles  would  be  exposed  to  energetic  auroral 
electrons  for  only  a few  seconds.  As  the  angle  between  the  orbit  and  the  narrow 
auroral  arc  decreases,  the  time  of  exposure  increases.  An  orbit  tangent  to  a 
relatively  narrow  auroral  arc  could  result  in  exposure  to  energetic  auroral 
electrons  for  tens  of  seconds,  even  when  the  aurora  is  not  disturbed.  The  left 
half,  from  a different  orbit  of  the  same  satellite,  shows  that  the  aurora  has  a 
wider  latitudinal  extent  during  a geophysical  disturbance  and,  depending  on  the 
exact  orbit,  the  spacecraft  would  encounter  the  energetic  auroral  electrons  for 
tens  or  even  hundreds  of  seconds.  A lengthy  exposure  to  energetic  electrons  is 
not  required  in  order  to  have  a spacecraft  charge  to  dangerous  voltage  levels. 


A DMSP  satellite  has  been  measured  to  charge  to  hundreds  of  volts  within  seconds 
(Hurko  and  Hardy,  ref,  12),  The  effect  of  extended  exposure  time  is  to  increase 
the  likelihood  that  the  auroral  oval,  would  he  disturbed  during  the  passage  of  the 
spacecraft. 

The  temporal  variation  of  auroras  in  the  oval  is  also  of  interest  in 
evaluating  the  likelihood  of  interaction  effects  on  EVA  equipment,  Auroras  are 
the  most  variable  and  the  most  intense  during  worldwide  magnetic  storms  following 
solar  flares.  Auroral  temporal  variations  are  important  even  at  other  times.  To 
see  this,.  All  Sky  Camera  (ASCA)  pictures  taken  with  a IfiO  degree  field  of  view 
fisheye  lens  from  the  AFGL  Airborne  Ionospheric  Observatory  will  be  used.  The 
aircraft  flew  a path  with  a ground  track  in  geographic  coordinates  as  shown  on 
the  left  in  figure  6 (Krukonis  and  Whalen,  ref,  13).  Because  the  earth  rotated  as 
the  aircraft  flew  west,  the  aircraft  remained  near  local  magnetic  midnight.  The 
same  flight  path  in  the  corrected  geomagnetic  local  time  and  latitude  coordinate 
system  is  shown  on  the  right.  The  aircraft  flew  short  north  and  south  tracks, 
approaching  and  departing  from  the  magnetic  pole.  The  ASCA  field  of  view  covered 
4 degrees  of  magnetic  latitude  to  the  north  and  to  the  south;  therefore,  70  degrees 
north  corrected  geomagnetic  latitude  was  always  within  view. 

Each  strip  of  the  ASCA  montage  for  this  flight,  figure  7,  shows  30  pictures 
taken  once  per  minute  With  a 15  second  time  exposure.  The  complete  montage 
represents  a continuous  9 hour  time  history  of  the  temporal  variations  of  the 
aurora  near  local  magnetic  midnight.  Each  circular  image  has  been  rotated  during 
reproduction  so  that  North  is  to  the  left  and  East  is  at  the  top.  This  improves 
interpretation  of  the  images  by  removing  effects  from  changes  in  the  heading  of 
the  aircraft.  At  times,  the  sky  was  almost  clear  of  auroras  with  only  faint  forms 
not  easily  seen  in  these  reproductions.  At  other  times,  optical  auroras  covered 
the  field  of  view  from  the  northern  to  the  southern  limits,  about  900  kilometers. 
The  energetic  electron  deposition  region  producing  the  optical  auroras  corresponds 
closely  with  the  optical  aurora.  Spacecraft,  including  a free-flying  astronaut, 
would  have  been  in  the  area  of  precipitating  particles  likely  to  cause  charging 
for  over  100  seconds.  It  is  also  important  to  realize  how  quickly  the  upper 
atmosphere  can  change  from  showing  only  faint  traces  of  aurora  to  bright  auroras 
covering  the  ASCA  field  of  view.  This  can  be  seen  near  0310  UT  when  the  aurora 
expanded  from  a narrow  feature  near  the  southern  horizon  to  completely  fill  the 
field  of  view  within  2 to  3 minutes.  This  is  much  too  fast  for  the  astronaut  to 
take  any  action  towards  protecting  himself.  Operational  planning  must  consider 
that  the  astronaut  will  find  himself  immersed  in  the  energetic  auroral  electron 
stream.  The  EVA  equipment  must  not  be  susceptible  to  adverse  environmental 
interactions  due  to  energetic  auroral  electrons. 

The  values  of  the  Q,  AE,  and  Kp  magnetic  indices  (Mayaud,  ref.  14)  measured 
by  magnetic  observatories  during  the  flight  are  shown  on  the  right.  It  is 
inappropriate  to  attempt  extensive  conclusions  about  the  correlation  of  magnetic 
index  variations  with  the  ASCA  montage  for  this  small  quantity  of  data.  The 
magnetic  index  Q represents  the  disturbance  from  quiet  day  values  in  a 15  minute 
period  for  an  auroral  oval  magnetic  observatory,  in  this  case  Sodankyla  in  Sweden. 
The  2 values  are  for  the  first  and  second  half  of  each  row  of  images.  The  index  Q 
has  been  found  to  be  correlated  with  the  location  of  optical  auroras  (Feldstein 
and  Starkov,  rtf.  9).  For  this  data  sample,  it  increased  generally  as  the  auroras 
became  brighter  and  filled  more  of  the  ASCA  image. 
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The  value  for  AE  represents  the  hourly  average  of  the  AE  inflex  determined  for 
a-  global  network  of  auroral  oval  observatories.  AE  represents  the  sum  of.  the 
eastern  and  western  auroral  eleetrojets  and  in6reases  as-  the  magnitudes  of  optical 
auroras  increase  (Allen  ot  al,  ref.  15).  In  addition  to  the  hourly  AE  averages, 
the  AE- graphical  plot  showed  maxima  of  400  gammas  at  0330  UT,.  425  gammau  at  044  0 
UT,  550  gammas  at  0-730  UT*  and  640  gammas  at  1050  UT.  These  maxima  can  be 
associated  with  brighter  image  sequences  in  the  figure.  In  addition,  the  times 
which  show  smaller,  fainter  auroral  images,- 05  to  06 -UT  and  09  to  10  UT,  have  lower 
average  AE  values. 

This  data  sample  provides  a good  example  for  comparing  optical  auroral  images 
with  the  Kp  index.  The  Kp  index  represents  the  variation  of  magnetic  activity  for 
low  latitude  observatories  during  a 3 hour  period.  The  bright  sequence  from 
0310  UT  to  0400  UT  and  the  faint  sequence  from  0450  UT  to  0555  UT  are  both 
associated  with  the  03  to  06  UT  value  of  Kp  of  4.  This  example  demonstrates  the 
limitations  of  using  a 3 hour  index  like  Kp  to  characterize  a phenomenon*.  such  as 
the  optical  aurora,  which  can  vary  greatly  within  the  3 hours. 

GEOPHYSICAL  CONDITIONS  ENCOUNTERED  DURING  SKYLAB  EXTRAVEHICULAR  ACTIVITY 

As  mentioned  previously,  Skylab  had  a 50  degree  inclination.  Its  orbit 
intersected  the  auroral  oval  when  the  orbital  latitude  extremes  occurred:  at 
longitudes  where  the  magnetic  poles  are  closest  to  the  equator;  and,  near  corrected 
geomagnetic  local  midnight  when  the  auroral  oval  reached  its  most  equatorward 
extent.  The  geophysical  conditions  at  the  time  of  the  10  Skylab  EVAs  have  been 
examined.  The  closest  approach  was  in  the  southern  hemisphere  during  the  EVA  of 
Garriott  and  Bean  on  22  September  1973,  during  the  Skylab  III  mission.  Partial 
Skylab  ground-  tracks  are  shown  in  figure  8 in  the  corrected  geomagnetic  local  time 
and  latitude  coordinate  s-ystem.  The  auroral  oval  for  a Q value  of  2 (the  value 
measured  at  Sodankyla  at  the  same  time)  is  shown.  The  closest  approach  was  on 
orbit  2022,  where  the  minimum  separation  was  about  5 degrees  of  latitude.  A 
5 degree  latitude  separation  usually  means  complete  absence  of  the  precipitating 
energetic  electrons  which  are  present  in  the  auroral  oval-  The  end  of  EVA  a-t  1400 
UT  on  orbit  2023  is  actually  repressurization,,  meaning  that  the  astronauts  were 
already  inside  the  airlock.  This  analysis  shows  that  EVA  within  the  aurora  is 
something  that  the  United  States  has  yet  to  encounter.  - 

SUMMARY 

Our  preliminary  analysis  of  the  special  situation  of  free-flight  EVA  from  the 
Shuttle  while  passing  through  the  auroral  oval  has  identified  it  as  a space  system 
environmental  interaction  deserving  of  further  study.  Further  investigations  by 
the  Air  Force  and  NASA  have  not  resolved  this  concern.  AFGL  is  continuing  to  work 
with  NASA  scientists  to  determine  if  £ hazard  does  exist,  how  serious  it  is,  and 
whether  it  is  life-threatening.  Discussions  have  been  held  with  the  NASA  JSC  Crew 
Equipment  Division  responsible  for  developing  the  astronaut  equipment,  to  bring  to 
their  attention  that  charging  and  arc  discharges  may  occur  on  the  equipment 
surfaces.  Once  the  charging  hazard  has  been  defined,  then  the  susceptibility  of 
the  existing  and  future  systems  can  be  determined  by  engineering  tests.  AFGL 
believes  it  is  prudent  and  necessary  to  establish  what  will  happen  so  that,  as 
shown  in  figure  9,  EVA  will  continue  to  be  successful  as  the  Shuttle  flight 
envelope  expands  to  orbits  through  the  auroral  oval. 
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Figure  1.  - Polar  orbit  EVA. 
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igure  3.  - Astronaut  equipment  systems. 


" » '■'.  vVr^ffr' 
■*,  „•■  * *■*  ^;^G*  *^i4Ty 


I -v  ; •' 

• Y; " v?  ■■'"?■ 


,.  * yJ 

• ••  • iV  • J 


. _ ^ ^ 

;i$a 

I 4 ^ ^ V '•  ^ 1 ’ I'.1  , , 'f  ■ ’*£.  *'  (.  ' * -F  ■ 1 1 | 


v-r . 


'.■V;SY 


Figure  4.  - Astronaut  and  solar  power  systems. 


671 


673 


Figure  7.  - ASCA  Montage 
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ARGON  ION  POLLUTION  OF  THE  MAGNETOSPHERE 


Ramon  E.  Lopez 
Rice  University 
Houston ^ Texas  77251 


Construction  of  a Solar  Power  Satellite  (SPS)  would  require  the  injection  of 
large  quantities  of  propellant  to  transport  material  from  Low  Earth  Orbit  (LEO)  to 
the  construction  site  at  Geostationary  Earth  Orbit  (GEO).  This  injection,  in  the 
form  of  ~1032,  2 KeV  argon  ions  (and  associated  electrons)  per  SPS,  is  comparable  to 
the  content  of  the  plasmasphere  (~1031  ions).  In  addition  to  the  mass  deposited, 
this  represents  a considerable  injection  of  energy. 

The  injection  is  examined  in  terms  of  a simple  model  for  the  expansion  of  the 
beam  plasma.  General  features  of  the  subsequent  magnetospheric  convection  of  the 
argon  are  also  examined. 


INTRODUCTION 


In  recent  years  a large  scale  energy  system,  the  Satellite  Power  System  (SPS), 
has  received  considerable  attention  from  the  scientific  and  technical  community. 

The  basic  concept  for  SPS  is  as  follows:  Large  (10  km  x 5 km)  platforms  would  be 

constructed  iri  geostationary  earth  orbit  (GEO)  to  collect  solar  energy.  This  energy 
would  be  converted  into  microwaves  and  beamed  down  to  Earth,  received  by  a recti- 
fying antenna  and  fed  into  the  power  grid. 

In  1978,  Rockwell  International  did  a system  definition  study  (ref.  1)  in  which 
a 5 GW  (at  Earth  interface)  reference  system  was  developed.  The  transportation 
component  would  mandate  the  construction  of  several  reusable  heavy  lift  launch 
vehicles  (HLLV)  to  haul  material  into  low  Earth  orbit  (LEO).  From  LEO  the  cargo 
would  be  shuttled  to  the  construction  Site  GEO  in  a fleet  of  electric  orbit  transfer 
vehicles  (EOTV). 

The  EOTVs  would  be  solar  powered  and  propelled  by  argon  ion  thrusters.  Ion 
thrusters  have  some  advantages  over  chemical  rockets.  They  can  deliver  a sustained, 
steady  thrust.  Also,  the  ion  thruster  propellant  velocity  is  much  greater  than  for 
chemical  thrusters,  therefore  much  less  mass  need  be  injected  to  move  an  equal 
amount  of  cargo  from  LEO  to  GEO  with  ion  thrusters. 

In  spite  of  the  great  efficiency  of  ion  propulsion,  due  to  the  great  mass  that 
must  be  transported,  enormous  quantities  of  energetic  argon  and  the  associated 
(thermal)  electrons  would  be  injected  into  the  environment.  Such  a large  scale 
Injection  of  plasma  into  the  magnetosphere  is  likey  to  have  a global  impact  on 
Earth’s  magnetospheric  morphology  and  dynamics.  In  addition,  due  to  the  highly  ani- 
sotropic velocity  distribution  of  the  argon,  this  represents  a considerable  injec- 
tion ot  free  energy.  Numerous  processes  should  transfer  a large  portion  of  the 
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injection  energy  to  the  magnetospherlc  system. 

ion  thruster  technology  is  still  developing  and  so  the  parameters  for  the 
thruster  in  question  are  uncertain.  The  Rockwell  reference  system  described  an  EOTV 
propelled  by  an  ion  thruster  with  a grid  potential  limit  Of  2 keV,  to  avoid  arcing 
to  the  background  plasma.  It  Would  operate  with  an  ion  beam  current  of  1904  amps, 
have  a- radius  - 38  cm,  and  develop  69.7  Nt  of  thrust.  Eighty  such  thrusters  would — 
equip  each  EOTV,  in  four  groups  of  20,  with  16  active  and  4 spares. 


The  thruster  produces  two  distinct  plasmas:  the  beam  plasma  and  the  thermal 

plasma  produced  by  charge  exchange  between  the  beam  plasma  and  escaping  un-ionized 
argon.-  The  number  of  charge-exchange  ions  produced  per  second  is  given  by  Kaufmann 
(ref.  2)  to  be: 


N 


e2W" 


s-1) 


where  Oqt  = charge  exchange  cross  Section  = 2 x 10“ig  m2 
Jjj  * beam  current  » 1904  A 
V0  = (8KT/nm)l/2 
R * beam  radius  * . 38  m 
n * fraction  of  propellant  ionized 


(L-L) 


Carruth  and  Brady  (ref.  3)  state  that  in  experiments  with  a 900-series,  Hughes 
mercury  ion  thruster  approximately  90%  of  the  propellant  is  ionized.  The  remaining 
10%  escapes  through  the  optics  in  the  form  of  neutral  mercury.  Therefore  n Is 
assumed  to  be  0.9  and  KT  = 10  eV  (ref.  4),  which  gives  N = 6.07  x lO20  Ar+  s”1 . 

This  represents  about  5.6%  of  the  beam  current. 


Parks  and  Katz  (ref.  5),  and  Carruth  and  Brady  (ref.  3)  report  that  laboratory 
tests  show  the  charge-exchange  plasma  near  the  thruster  moves  radially  outward  from 
the  thruster  beam.  This  thermal  plasma  will  be  injected  into  space  with  essentially 
the  EOTV's  orbital  velocity.  As  in  the  barium  release  experiments  (ref.  6),  the 
plasma  is  expected  to  expand  until  B ~ 1,  at  which  point  the  expansion  perpendicular 
to  B is  stopped  by  the  field. 


This  thermal  argon  plasma,  apart  from  the  beam  plasma,  would  be  in  itself  a 
considerable  addition  to  the  thermal  heavy  ion  population,  especially  in  the  plasma- 
sphere.  The  remaining  un-ionized  argon  would  be  subject  to  charge  exchange  and  pho- 
toionlzatlon,  the  latter  of  which  has  an  e-folding  production  rate  given  by  Siscoe 
and  Mukherjee  (ref.  7)  to  be  4.5  * 10_<4  s“*.  This  allows  many  of  the  fast  (charge- 
exchange)  neutrals  to  escape,  while  trapping  the  thermal  neutrals  in,  or  near,  the 
plasmasphere. 


TABLE  I.  •—  SPS  PARAMETERS 

SPS  mass  ~ 5 x 107  Kg 
EOTV  — LEO  departure  ~ 6.7  x 10&  Kg 
Cargo  ~ 5 x lo6  ^ 

Propellant  ' 5.5  * 105  Kg 
LEO  ♦ GEO  + LEO  trip  time  = 130  days 
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The  quantities  of  mass  involved  in  the  reference  system  are  given  in  table  I. 

To  build  a 5 GW  station  of  a mass  » 5 * 107  Kg,  one  needs  * 10  EOTV  flights  which 
would  inject  5 * 106  Kg  of  2 keV  Ar+  and.  ~5  x 10s  Kg  of  thermal-.  Ar+  (along  with  the 
associated  electrons)  into  the  magnetosphere.  Assuming  that  two  stations  are  built — 
per  year  this  gives  an  average  injection  rate  of  5.3  x 10^  Ar+  s~l*.  This  is  com- 
parable to  the  polar  wind  injection  rate  of  ~3  x 10^6  s”*  and  equal  to  the  plasma 
sheet  loss  rate  (ref.  8).-  The  average  rate  of  energy  injection  (in  the  form  of 
2 keV  Ar*)  is  ~109  watts,  while  an  average  substorm  deposites  10^-lG1^  watts  into 
the  ionosphere  (ref.  9).  This  energy  will,  however,  be  distributed  over  a smaller 
area  and  so  power  densities  could  be  similar  to  auroral  power  densities. 


Needless  to  Say,  the  scope  of  the  questions  invoLved  in  such  an  injection  is 
extensive.  This  paper  will  concern  itself  mainly  with  two  topics:  the  injection  of 

the  energetic  ions  (beam  plasma  dynamics)  and  the  subsequent  convection  of  the  beam 
ions  in  the  magnetosphere. 


BEAM  PLASMA  DYNAMICS 


The  plasma  beam  that  emerges  from  the  thruster  is  a dense,  charge-neutral  beam 
moving  perpendicular  to  8.  The  physics  of  a plasma  beam  injected  into  a transverse 
magnetic  field  has  been  studied  by  many  authors,  both  experimentally  and  theoreti- 
cally (refs.  10,.  11,  12,  13).  Also  there  have  been  authors  who  have  considered  the 
problem  of  ion  thrusters  in  space,  some  specifically  in  the  SPS  context  (refs.  A» 

14,  15). 

Curtis  and  Grebowsky  (ref.  14)  argue  that  the  beam  polarizes  and  t * x S 
cancels  the  Lorentz  force.  According  to  Curtis  and  Grebowsky  (ref.  14)  the  beam 
density  is  always  able  to  support  the  polarization  field.  In  this  case  the  beam 
simply  passes  out  of  the  magnetosphere,  depositing  a thin  non-propagating  sheath. 
While  this  is  correct  for  a vacuum  injection,  when  the  field  lines  threading  the 
beam  are  shorted  the  plasma  is  stopped  (refs.  10,  13).  This  is  exactly  the  case  in 
the  magnetosphere.  The  beam  dynamics  paradigm  of  Chiu  et  al.  (ref.  15)  is  based  on 

the  barium  release  experiments  (refs.  6,  12).  In  this  picture  the  polarization 

field  accelerates  and  polarizes  the  adjacent  plasma,  which  in  turn  polarizes  the 
plasma  adjacent  to  it.  This  electric  field,  which  moves  along  the  field  line  at 
the  Alfven  speed,  transfers  beam  momentum  to  the  ambient  plasma  and  magnetosphere. 
When  the  Alfven  wave  reaches  the  ionosphere  it  drives  dissipative  Pedersen  currents, 
and  can  be  partially  reflected  (ref.  6). 

According  to  this  model  the  plasma  velocity  decreases  like  e-t^T,  where  T is 
the  amount  of  time  it  takes  for  the  Alfven  wave  to  travel  over  as  much  mass  per  unit 
area  as  is  causing  the  disturbance.  Therefore,  Chiu  et  al.  (ref.  15)  give  that 

t - / dz  Pb/2VAP0  (2-1) 

where  p is  the  mass  density  (b  refers  to  the  beam,  0 to  the  ambient),  is  the 
Alfven  speed,  and  the  integral  is  along  the  field  line.  Calculations  using  realis- 
tic plasraaspheric  and  magnetic  field  models,  give  t = 10  seconds  (ref.  16).  Thus 

the  beam  can  travel  for  distances  £ 1000  km. 

Treumann  et  al.  (ref.  17)  have  pointed  out  that  as  field  aligned  currents  short 
out  the  polarization  field,  electrons  cannot  S x 5 drift  across  field  lines  to  neu- 
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tralize  the  beam,  they  postulate  that  more  currents  parallel  to  neutralize  the 
beam  head,  generating  a kinetic.  Alfven  wave*  For  the  PORCUPINE  Ion  beam  (of  which 
more  will  be  said),  treumann  et  al.  (ref.  17)  estimate  electron  drift  velocities 
~V^.  Due  to  these  high  drifts  they  argue  that  anomalous  heating  of  electrons  ener- 
gizes them  to  ~20  eV  to  explain  those  hot  e lectxoas— seen,  in  the  PORCUPINE  experiment 
(ref.  18). 

if  we  assume  that  the  beam  width  is  on  the  order  of  10  km  and  the  beam  length 
~1000  km  then  the  average  neutralizing  field-aligned  currents  (for  the  EOTV  dis- 
cussed above)  must  be  ~16  pA/ra2.  For  ambient  electron  densities  of  £ 109  m“3  this 
results  in  drift  Speeds  £ 100  km  s”1 . This  is  still  half  the  thermal  speed  of  a 0. 1 
eV  electron,  so  ion  acoustic  waves  will  be  stable,  but  electrostatic  ion-cyclotron 

waves,  with  w = 0^,  are  unstable  for  V0  > 5 * (ion  thermal  speed)  (ref.  19)  thus 
limiting  the  current.  Therefore  it  is  unlikely  that  the  polarization  field  will  be 

completely  shorted  out  and  that  the  beam  ions  will  be  charge-neutralized  by  a.  combi- 
nation of  both  E x ft  drift  of  beam  electrons  across  B and  field-aligned  currents. 

Haerendal  and  Sagdeev  (ref.  8),  writing  on  behalf  of  the  PORCUPINE  experi- 
menters, report  on  the  injection  of  a 4A,  200  eV,  Xe+,  charge-neutralized  plasma 
beam.  This  beam  was  injected  at  ~72°  to  S in  nine  events  ranging  in  altitude  from  . 
196  km  to  451  km.  They  report  three  stages  of  its  beam  expansion.  The  first  is 
free  expansion  of  the  beam  until  the  magnetic  pressure  starts  to  balance  the  dynamic 
pressure.  The  second  phase  is  one  of  diffusive  expansion,  with  the  polarization 
field  allowing  for  some  motion  across  B,  although  the  polarization  field  is  rapidly 
shorted  out  by  field-aligned  currents  and  the  beam  is  stopped.  The  third-phase  is 
that  Of  single  particle  motion. 

Considerable  wave  activity  was  also  reported  during  the  injection  events  (refs, 
18,  20,  21).  Broadband  ion-cyclotron  harmonic  waves  were  detected  (refs.  18,  21) 
and  it  has  been  argued  that  the  Druramond-Rosenbluth  Instability  (ref.  19)  is  respon- 
sible (ref.  18).  Given  the  much  greater  scale  of  the  SPS  injection  it  is  reasonable 
to  expect  intense  wave  generation  which  could  energize  ambient  particles.  In  par- 
ticular there  is  experimental  evidence  for  the  acceleration  of  thermal  electrons  by 
ion-cyclotron  waves.  Norris  et  al.  (ref.  22)  suggest  that  these  waves  in  the  mag- 
netosphere having  f > fge+  accelerate  electrons  with  a clear  bias  parallel  to  Bq  , 
the  majority  of  the  electrons  heated  to  20  eV. 

The  field-aligned  currents  produced  as  a result  of  this  are  consistent  with  the 
view  that  such  currents  will  play  a central  role  in  the  dynamics  of  the  beam,  since 
these  currents  transfer  momentum  from  the  beam  and  drive  Alfven  waves.  This  is  sup- 
ported by  observations  of  considerably  enhanced  electron  fluxes  during  the  injection 
of  a plasma  transverse  to  * as  reported  by  Alexandrov  et  al.  (ref.  23).  These 
authors  also  suggest  that  the  observed  magnetic  disturbances  are  due  to  field- 
aligned  currents  and  associated  Alfven  waves. 

The  beam  model  presented  below  will  deal  with  only  the  large-scale  dynamics  of 
the  beam.  It  is  assumed  that  the  paradigm  of  Scholer  (ref.  6)  is  essentially  cor- 
rect, so  beam  velocity  decreases  as  e”*-'1.  When  the  beam  emerges  from  the  thruster 
both  nKT  and  (l/2)pv2  are  much  greater  than  B2/2uq.  Thus  the  beam  will  expand  radi- 
ally outward  from  the  beam  axis,  as  if  into  a vacuum,  forming  a cone.  This  phase  of 
the  expansion  continues  until 

nKT  - B2/2uq  (2-2) 
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after  which  motion  perpendicular  to  and  $ Is  stopped,  while  expansion  along  the 
field- line  continues  essentially  uninhibited  (fig.  1).  The  beam  travels  In  this 
manner  until 

I pv2  « H2/2n0  (2-3) 

at  which  point  the  geomagnetic  field  becomes  the  dominant  Influence  in  the  argon 
plasma's  motion.  The  argon's  subsequent  motion  can-  then  be  followed  -by  the  adia- 
batic theory. 


In  the  initial  phase  of  the  plasma  beam  we  are  dealing  with  a vacuum  expansion. 
It  is  assumed  the  beam  Is  charge-neutral  and  collislonless.  In  the  very  early  his- 
tory of  the  beam  it  is  certainly  collisional,  the  plasma  rapidly  thermalizing,  but 
by  ~100  m downstream  the  raean^free  path  is  of  the  order  of  the  beam  size.  We  also 
neglect  momentum  loss  to  Alfven  waves,  assuming  t <<  t during  the  first  (vacuum) 
phase  of  the  beam  expansion. 


To  represent  the  plasma  that  emerges  from  the 


thruster  we  write 


f(x,  Y,  Vz,  t - 0) 


n0m 

lifKT 


6<vz  “ VB>  exp 


rmV2 

^IkT 


where  $ = Xi  + Yj 

>V  = Vxi  + Vyj 
Vg  = beam  velocity  = Vgz 
R = 1/3  r0 


(2-4) 


Liemohn  et  al.  (ref.  4)  give  KT  » 10  eV,  which  for  a 2 keV  beam  gives  an  effective 
beam  divergence  angle  ~8°.  This  same  8°  spreading  angle  is  reported  by  Cybulski  et 
al.  (ref.  24)  in  flight  tests  of  the  SERT  I ion  thruster.  To  confine  the  plasma  to 
the  thruster  at  t = 0,  R is  set  to  one-third  the  thruster  radius,  rjj. 


We  can  then  write  the  collisionless,  vacuum  Boltzman  equation 
^ . Vf  =*  0 

The  solution  to  equation  (2-5)  is  readily  found  to  be 


(2-5) 


f(X, 


V, 


t) 


n0m 

InKf 


6(V  - 

z 


V 


exp 


r mV2 
"L2Kf 


+ - frt)2i 

2R2  J 


(2-6) 


The  constant,  ng , is  given  by  the  normalization  condition 

/ fd2v  dx  V t = N = ~ 

B e 


(2-7) 


where  the  integral  along  the  beam  axis  is  replaced  by  multiplication  by  Vgt. 
equation  (2-7)  one  finds 

iL 

0 2x  r . 2 eV 

0 B 


From 


(2-8) 


The  density  of  ions  is  given  by 
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/ f d3v  ■ n(x,  t)  s n 


m/KT 


0 (m/KT)  + (t2/ft2) 
which  for  t 10“4  s yields,  using  equatlou_(2-8) 


- exp 


[- 


P m/KT 

2fc2  (m/KT>  4-  (t?'/R2) 


] (2-9) 


n(r,  t)  = 


I . vn  f _ r2  m 1 

KT  2neV0t"  1 2t2  ct) 


m 


B- 


(2-10) 


The  end  of  Che  vacuum  expansion  phase  is  given  by  equation  (2-2)  using  equation 
( 2-10)  evaluated  at  the  edge  of  the  beam,  which  is  r “ V-pjjt.  The  time  at  which  this 
condition  is  satisfied  for  the  EOTV  in  question  in  a dipole  field  is 


t„  = 8.83  x 10“3  L3  sec  (2-11) 

where  L is  the  magnetic  shell  parameter.  After  time  tQ  the  beam  continues  to  spread 
along  and  so  the  density  decreases  like  1/t.  But  the  velocity  is  also  going  down 
as  e-t^T  and  so  the  density  must  go  like  ec/T  to  conserve  particles.  So  we  may 
write  the  central  beam  density  for  t > tg  as 


n(t  > tQ)  = 


t0n(r 


°’  t t0)  -t/x 


(2-12) 


Using  this  density  in  equation..  (2-3)  yields 
tion  from  beam  motion  to  adiabatic  motion,  which 


an  equation  for  the  time  of  transi- 
is. 


L3  * 0.216  t 


.t/x 


(2-13) 


where  L is  the  dipole  shell  parameter.  The  fraction  of  energy  the  beam  ions  retain 
is  then  e“2t'T,  the  rest  of  the  energy  being  transferred  to  the  magnetosphere  and 
ionosphere.  As  stated  before,  x = 10  sec  in  the  plasmasphere  (ref.  15).  Figure  2 
gives  the  energy  loss  as  a function  of  L.  for  x « 10  sec  from  L * 2.5  to  L * 3.5. 

To  estimate  the  energy  density  deposited  in  the  ionosphere  by  the  beam  we  find 
that  at  L = 2 roughly  3/4  of  the  beam  power  is  lost  to  Alfven  waves.  From  equation 
(2-11)  we  find  that  the  beam  width  ~ few  km,  and  the  beam  length  & 1000  km.  This 
gives  an  area  of  < 104  km2,  which  mapped  down  to  the  ionosphere  (with  a dipole 
field)  results-  in  ionospheric  power  densities  of  ~10-1  W/m2  (assuming  the  bulk  of 
the  energy  is  deposited  in  the  ionosphere).  This  is  considerably  larger  than  auro- 
ral power  densities  of'~10“2  W/m2  (ref.-  25),  and  even  if  we  assume  only  10%  of  the 
power  is  absorbed  by  the  ionosphere  there  would  still  be  power  densities  equivalent 
to  aurorae. 


CONVECTION  OF  THE  ARGON  PLASMA 


Once  the  argon  plasma's  transition  from  beam  to  individual  particle  motion  is 
accomplished  the  subsequent  motion  is  determined  by  the  local  magnetic  and  electric 
fields.  This  motion  is  most  easily  followed  nsing  the  guiding  center  approximation. 
The  two  first  order  drift  velocities  are  the  * x B and  the  gradient/curvature  drift 
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velocities,  the  motion  of  the  plasma  Is  given  by 


dx  £ x B (1/2) ‘mv2  ..  2 

*»  — ~ — --  (l  + cos^  a) 


dt 


B 


Sx  V|S| 
eB2 ... 


(3-1) 


Ignoring  time  dependence,  B and  B are  functions  of  B and  this  equation  must  be 
solved  numerically. 


The  coordinate  system  is  as  follows:  x la  the  antisunward  direction,  y along 

the  dawn  meridian.  For  a magnetic  field  the  model  of  Mead  (ref.  26)  is  used  with 
the  magnetopause  set  at  r = 10  R^..  In  the  equatorial  plane,  B just  has  a z compo- 
nent: 


B - B„ 


3.11  x 10~5 
R3 


+ 2.515  x 10~8  - 2.104  x 10~9  R cos  0 


(3-2) 


where  R is  the  earth  radii K 0 is  the  local  time  and  B in  tesla. 


There  are  three  components  to  the  electic  field:  the  convection  field,  the 

corotation  field  and  the  self-electric  field  of  the  argon  plasma,  which  will  be  dis- 
cussed in  more  detail  below.  The  convection  field  is  approximated  by  a constant, 
dawn  to  dusk,  0.2  mV/ra  electric  field.  This  corresponds  to  a * 50  kV  cross-polar 
potential  drop  mapped  out  onto,  a 40  R^.  magnetosphere.  The  corotation  field  is  given 
by 


cor 


= -V  x B 


~y 

x r 


x BDipole 


(3-3) 


The  above  model  has  some  obvious  shortcomings.  The-  greatest  of  these  is  the 
assumption  of  a uniform  convection  field.  In  addition,  there  is  an  inconsistency  in 
making  the  approximation  in  equation  (3-3),  then  using  it  in  the  drift  equation, 
since  the  expression  for  B has  non-digole  components.  The  proper  way  to  calculate 
the  corotating  field  is  to  calculate  v x { for  the  field  line  in  question.  This  was 
not  done  due  to  the  limitations  of  the  Tektronics  4052  minicomputer  which  was  used. 
However,  this  rough  model  should  give  a somewhat  reasonable  approximation  to  the 
general  features  of  the  convection  of  injected  argon. 


Chiu  et  al.  (ref.  15)  give  the  time  fraction  spent  from  LEO  to  GEO  in  figure  3. 
Using  this  with  the  above  model  one  finds  that  ~3/4  of  the  injected  argon  is  trapped 
in  the  plasmasphere.  However,  a more  complete  picture  of  the  argon  convection 
requires  the  inclusion  of  the  electric  field  generated  by  the  argon  filled  flux  tube 
itself.  The  gradient  drift  current  in  the  flux  tube  (or  plasma  blob)  gives  rise  to 
Birkeland  currents,  which  close  in  the  ionosphere,  if  neighboring  flux  tubes  cannot 
satisfy  continuity  of  current.  This  current  system  is  illustrated  in  figure  4. 


Assuming  that  equal  amounts  of  current  go  to  the  northern  and  southern  hemi- 
spheres current  continuity  gives 


1 V . 1 m _J 

2 leq  J!leq 


B 

- r e<»  ) j 
^ B J it  ion 
ion 


(3-4) 


where  3j.eq  is  the  current/ length  in  the  equatorial  plane,  J u eq  is  the  current/unit 
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area  out  of  the  equatorial-  plane ».  and  J|iiQn,  the  cuTrent/unit  area- into  the  iono- 
sphere. This  current  closes  in  the  ionosphere,  in  which  case  we  can  take  the 
divergence  of  Ohm's  taw  and,  using  equation  (3-4) , ...Obtain 

n 

V . (jj  - W>  - i V - J.  (~)  (3-5) 

H eq 

Assuming  Jj^on  to  be  i B,  and  considering  only  the  Pedersen  conductivity,  the 
above  becomes 


E 7 2V  = — 7 • J (- ),  7 = horizontal  7 in  Ionosphere  (3-6) 

P h 2 eq  '•B  h 

r M eq 

This  approach,  developed  in  part  by  Vasyliunas  (ref.  27)  and  Wolf  (ref.  28),  allows 
the  calculation  of  the  ionospheric  potential  set  up  by  the  flux  tube.  This  poten- 
tial can  be  then  mapped  out  along  field  lines  (assuming  they  are  equipotentials)  to 
give  the  potential,  and  electric  field,  in  the  equatorial  plane. 


We  assume  the  argon  density  to  be  constant  throughout  a flux  tube  of  radius  a, 
and  zero  outside  of  the  flux  tube.  It  is  also  assumed  that  there  is  a uniform, 
background  current  density.  For  this  case,  in  radial  coordinates  centered  on  the 
flux  tube,  we  find 

7 • Jj.  = K cos  9 6(r  - a)  (3-7) 

where  K is  a constant.  As  a further  simplification  we  assume  we  are  dealing  with  a 
circle  in  a locally  flat  ionosphere,  so  equation  (3-6)  becomes 

72V  = cos  6 (p  - a')  (3-8) 

P 


where  (p,4>)  are  the  ionospheric  coordinates  whose  origin  is  the  field  line  threading 
the  center  of  the  plasma  blob,  and  K' , a*  are  constants.  The  solution  is  obtained 
in  a straightforward  fashion  to  yield,  in  the  ionosphere 

K'a' 

V « ‘22f_p  cos  P > a' 

P 

- cos  *,  p < a'  (3-9) 

P 


Mapping  the  resultant  electric  field  out 
field  lines  yields 

| K!i_. 

Blob  2ZpX3/2 


to  the  equatorial  plane  along  dipole 


(3-10) 


where  $ is  local  time  and  X is  the  L shell  of  the+cen£er  of  the  argon  flux  tube. 

Tills  electric  field,  for  negative  K' , results  in  E x B motion  radially  outwards  from 
earth.  We  also  note  that  the  field  outside  the  blob  is  that  of  a dipole. 


The  constant  K'  is  related,  by  equations  (3-6)  and  (3-7)  to  the  divergence  of 


the  net  current,  which  Is 

7 ' \ eq.  “ ( I JBgL"  l^ficl>  C0S  0 " a)  (3"ll) 

where  l*^GC  I is  the-gradient-curvature  current,  and  |JgGj  is  the  background  current 
present  In  neighboring  flux  tubes. 

We  can  consider  two  extreme  cases  concerning  the  condition  of  the  argon  in 
the  flux  tube:  very  strong  pitch  angle  scattering  so  that  the  distribution  is  iso- 
tropic,  or  very  weak  scattering  so  the  plasma  mirrors  at  the  equator  (~  the  state  of 
injection).  In  the  later  case 


Nu 


S X 78 
B2 


(3-12) 


where  N is  the  number/area  and  u is  the  magnetic  moment.  To  find  u one  can  use  the 
beam  model  of  Chapter  2 to  obtain  the  ion’s  perpendicular  energy  when  they  Start 
convective  motion.  For  a dipole  field  this  gives 


3Nu 

RsL 


) (i£“) 


eq 


(3-13) 


In  the  former  case  the  flux  tube  can  be  treated  as  an  ideal  gas ^ in  which  case 
an  adiabatic  energy  invariant  A can  be  defined-(ref . 29) 


EK  - ■ * ( / <WB)-2'3 

One  can— also  define  a number  invariant  (ref.  29) 

n = n / ds/B  * N/B  = ///flux;  n = ///m3 
then  the  gradient-curvature  drift  current  is  given  by  (ref.  29) 
JGC  = nAz  x veq  (/  ds/B)-2/3 

Using  equations  (3-14)  and  (3-15)  the  above  can  be  written 
ez  x 7 (/  ds/B) 


GC 


(3-U) 


(3-15) 


( 3-lc ) 


(3-r> 


where  e is  the  energy  density  of  the  flux  tube.  This  form  is  convenient  since 
Williams  (ref.  30)  gives  the  quiet  time  energy  density  to  be  ~10-3  Joule  s' m- 
frora  L ~ 2-5.3,  thus  we  can  calculate  the  background  gradient-curvature  drift  cur 
rent,  JdG. 


To  proceed  we  need  to  calculate  n,  A,  / ds/B,  and  V(/ds/B).  The  flux  tube  vol- 
ume is  given  by  G.-H.  Voigt  (personal  communication,  1982)  to  be 


J ds/B  . O-lil 

the  gradient  of  / ds/B  can  be  obtained  by  straightforward  differentiation  of  equation 
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(3-iaj.  la.  addition,  X may  be  obtained  by  using  equation  (3-14)  with  the  Ion  kin„ 
tio  energy  given  by  the  beam  model  In  Chapter  2.  ' 1 klne 

The  number  Invariant,  n,  can  be  obtained  from  equation  (3-15)  if  m the  nrnn 

Ut'  T !’’  18  If  1 ts  <**  ion.  bam  eurroac  of  th,  hru.LS  v ' 

la  the  orbital  velocity  of  the  vehicle  then  N 18  given  by  ^^EOTV 


N w i/C eV  d ) 
' ' liOTV  f 


(3-19) 


£rifT«l1vant'bvCdte"tv0lfCl,C  flUK  tub?  ln  0,0  { * fi  direction.  The  width  of  the 
eue  of  the  regL’confKl^  3\2  11,18  18  tto  th8 


d,f  a 


2mV 


ion 


eB 


+ d 


» (3-20) 

With  the  above  we  may  now  calculate  the  elertrin  fi-ij  . , . 

flux  tube's  gradient-curvature  irift  for  flectrlc  field  generated  by  the  argon 
Pitch-angle  state  of  ST!  ♦ c , for,the  two  extreme  assumptions  about  the 

velocifS  ! 1 *h  Ar  * Seprisingly,  the  difference  In  the  gradient  drift 

sS&^£5gs?*a  wasas » 

outside  iStif-;  a?  Traf  5lux  tUbe  has  expended  and  cooled  to  the  point  where 
it.  The  bulk  of  th^argon^shoul^then'drift  ^a®JapauSe  where  a storm  can  dislodge 
this  argon  which  is  convected.  back  into tail  is  ^ ffaction  of 

the  11+  when°Uf  C°nCern 

bility!8861^1”8  meChanism  for  eebstorms  is  related  to^te'Ln-^ri1^  moSelnsJa-^ 

PlasJspheie+(fS!C6)iS  mtlTeT  £ X°\L  T reraain  traPP*d.  contaminating  the 
the  bulk  oJ  tie ^«gon  wi?niss  o^' oTlll  ^ f ^ Convection  ^elis  that 
cycle  of  the  magnetosphere.  If  we  assume thlfS  the  convective 

f?eu  the  average  mass  injection  rate  for  the ’tail  is  2*6  ^02^!?+  “V^rf 
the  tail  has  dimensions  of  5 R#  « 40  8a  x fin  R . . * * ® At  s . If 

is  in  the  plasma  sheet  on  the  order  of  an  ho  ***  *n<*  if.we  assurae  that  an  argon  ion 
density  would  be  ~l o**  ra“3.  This  is  smati  *5*  a^er  Wl*cb  **•  *8  i°st,  then  average 
10-100  (ref.  9)?  However  the  Lss  den  Jltl  tha"the  ai“b*e«‘  density  by  a factor  of 
four,  cutting  the  Alfven  soeed  h»  I/?  . a Cou1^  §0  up  by  as  much  as  a factor  of 
phenomena  in  the  tail.  an  1US  cban8lng  the  time  scales  for  dynamic 

The  ,S  “,£lf  “>«•*»  of  the  argon  flux  tube, 

of  inertial  drift,  to  in  the  notion  of  the  orgS.  £ Z nZVZ  SSil*?1* 
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radtaiLy  outward  they  produce  an  Inertial  drift  current  oppositely  directed  to  the 
gradient-curvature  drift  current.  So  the  flux  tubes  will  accelerate  at  the  rate 
needed  to  cancel  the  gradient-curvature  current,  thus  Satisfying  continuity,  until 
the  velocity  of  the  Ar*-  has-  reached  Is  that  of  the  E x u velocity  of  the  self-,  lec- 
trlc  field,  at  which  point  it  wtiL  not  need  to  accelerate  to- close  the  current. 

The  inertial  drift  current/ length  ts 

5 -.Nalii  0-21 

1 eB2 

where  N is  the  equatorial  area  number  density  and  m is  the  argon  mass.  Equating 
this  to  Che  gradient  drift  current  and  solving  for  $,  the  acceleration » gives  (for 
B » B0/L3) 


3 . 


3uBn 
0 * 

mE^L4 


(3-22) 


For  argon  injected^at  L » 2 equation  (3-22)  yields  a ~ 5 km/s2  so  within  a short 
time  St  ~ Eg^oB  x B/b2.  Thus,  except  for  the  first  moments  of  the  argon  drift, 
inertial  currents  need  not  be  Self-conslstently  included.  Gravitational  and  centri- 
fugal drifts  may  also  be  neglected. 


CONCLUSION 


We  have  seen  that  the  operation  of  powerful  ion  thrusters  In  the  SPS  context 
(or  for  that  matter  in  any  space  industrial  project  of  such  scale)  is  expected  to 
have  a wide  variety  of  effects.  Two  distinct  plasmas  are  injected:  a 2 keV  beam 

plasma  and  a thermal  charge-exchange  plasma.  The  thermal  plasma  will  he  a signifi- 
cant addition  to  the  heavy  ion  content  of  the  piasmasphere.  Immediate  effects  of 
the  beam  injection  include  wideband  ion-cyclotron  wave  generation  and  field-aligned 
heating  cc  electrons.  Alfven  waves  will  transfer  beam  momentum  to  the  ambient 
plasma  and  ionosphere.  In  the  ionosphere,  power  densities  will  be  of  the  order  of, 
or  bigger  than  natural  auroral  power  densities  and  so  the  EOTV  will  in  effect  create 
an  artificial  aurora  on  the  order  of  102  km  long*  These  induced  aurorae  will  pro- 
bably have  localized,  disruptive  effects  on  communications,  and  could  also  affect 
power  transmission  lines  (ref.  32). 

Once  the  beam  ions  start  to  convect,  they  move  radially  outward  until  the  argon 
flux  tube  energy  density  Is  equal  to  the  background  energy  density.  Therefore  most 
of  the  argon  will  convect  out  of  the  piasmasphere.  The  field-aligned  currents  gen- 
erated could  cause  further  Ionospheric  disturbances.  The  argon  will  then  enter  the 
general  convective  cycle  and  be  distributed  throughout  much  of  the  magnetosphere. 
This  significant  number  of  heavy  ions  could  substantially  alter  dynamic  quantities 
like  the  Alfven  speed.  The  dispersion  relation  for  waves  would  also  be  altered. 

New  cutoffs  and  resonances  should  appear  along  with  new  Wave-particle  phenomena.  In 
fact,  Chiu  et  al.  (ref.  15)  have  shown  that  the  presence  of  Ar+  damps  the  Instabi- 
lity which  precipitates  MeV  electrons,  therefore  those  levels  should  rise. 

Tuus,  we  see  that  the  operation  of  an  argon-ion  propelled  orbital  transfer  sys- 
tem will  substantially  modify  the  magnetosphere-ionosphere  System.  These  raodifica- 
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Ciono,  while  being  substantial,  do  not  seem  to  be,  in  and  of  themselves,  so  drastic 
as  to  rule  out  this  transportation  system.  Historically,  whenever  man  enters  a new 
environment  he.  modifies  his  culture,  technology,  and  himself,  while  in  turn  altering 
the  environment,  both  by  his  activities  and  to  suit  his  needs.  The  magnetosphere  is 
no  exception,  and  as  man  becomes  more  involved— la-space  in  the  hear  future,  he  will 
begin  to  modify  it»- 
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Figure  2.  - Fraction  of  energy  lost  to  Alfven  waves  EL  versus  magnetic 
parameter  L.  It  is  assumed  that  e-folding  time  t is  ~ 10  sec  in 
plasma  sphere. 
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Figure  3.  - Fraction  of  total  trip  time  to  reach  given  R/R*.  (From  Chiu  et  al 
(ref.  15)). 
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(a)  At  midnight.  (b)  At  LT  = 15:00 

Figure  5.  - Initial  convection  path  of  argon  flux  tube  for  beam  injection  at 
L = 2.  View  is  of  equatorial  plane  from  above  north  pole  with  magnetopause 
set  at  r = 10.8  R^.,  rp  assumed  to  be  10  mhos  on  dayside  and  1 mho  on 
nightside.  Ticks  are  in  Earth  radii. 
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Figure  6.  - Magnetospheric  convection  of  argon.  (Adapted  from  Freeman  et  al. 
(ref.  33).) 
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